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ABSTRACT 
Three different combustion modes for simultaneous low-nitrogen oxides (NOx) and low-
particulate-matter (PM) called enhanced-premixed combustion (EPC) are described in 
this thesis for diesel engines. 
a) Multi-pulse EPC: This combustion mode was implemented with multi-pulse fuel-
injection events early during the compression stroke and a heavy use of EGR. This type 
of combustion was characterized by a short combustion duration which increased the 
rate-of-pressure rise and maximum pressures in comparison to the conventional diesel 
combustion mode. The combustion phasing for this mode was kinetics controlled and this 
combustion mode was largely applicable to mid-load engine operating conditions. 
b) EGR enabled EPC with single injection: This combustion mode was implemented with 
a single-injection close to top-dead center and a heavy use of EGR. The use of closed-
loop control on combustion phasing via a cylinder pressure based control was found to be 
an important enabler for stabilizing this type of combustion. This combustion mode was 
applied mainly at low-load engine operating conditions. 
c) Combustion mode with a split heat-release characteristic: This combustion mode 
consisted of a part of the fuel delivery very early during the compression stroke and a part 
of the fuel delivery close to the top-dead-centre (TDC). The part of fuel injected close to 
TDC experienced conventional high-temperature combustion and oxidized the carbon-
monoxide produced earlier in the cycle, thereby improving combustion efficiency. The 
split nature of the combustion limited the rate-of-pressure rise associated with the multi-
pulse EPC combustion. 
The implementation of EPC were associated with fuel-efficiency penalty either due to 
off-phasing of combustion event, UHC and carbon-monoxide or oil-dilution. Specific 
strategies have been presented to overcome each of these limitations. 
IV 
A production version of 2.0 Liter, 4-cylinder FORD common-rail diesel engine was 
modified for the EPC experiments to run in a single-cylinder mode using a prototype 
intake and exhaust manifold and using independent fuel-injection strategies. 
Keywords: Enhanced premixed combustion, heavy-EGR, long-ignition delay combustion, 
adaptive fuel injection control, simultaneous low-NOx and low-soot. 
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Diesel engines have high thermal efficiencies due to their higher compression ratio and 
fuel-lean operation. In addition, diesel engines do not suffer from throttling losses such as 
in the case of conventional gasoline engines which increases their part-load efficiency. 
However, the main challenge for the modern diesel engines is to meet increasingly 
stringent emission norms for oxides of nitrogen (NOx), particulate-matter (PM), carbon-
monoxide (CO) and un-burnt hydrocarbons (HC). A significant challenge for emission 
reduction in current production diesel engines is the presence of NOx-PM trade-off, 
which means that any emission control measure that leads to a reduction in NOx, results 
in an increase in PM emissions and vice-versa. 
In the present work, the enhanced-premixed combustion strategies have been 
demonstrated that were able to reduce NOx and PM emissions simultaneously, with 
limited penalty on the indicated efficiency. 
1.2 Objective and approach 
The primary goal of the work was to develop an enhanced-premixed combustion (EPC) 
strategy that helped to overcome the traditional NOx-PM trade-off and reduce NOx and 
PM simultaneously. This was done by the preparation of a premixed lean cylinder-charge 
or premixed diluted cylinder-charge prior to the combustion process. However, the 
preparation of a premixed cylinder charge with in-cylinder injection strategy represents a 
significant challenge due to the low volatility of the diesel fuel. The petroleum derived 
diesel fuel is composed of saturated, unsaturated and aromatic hydrocarbons. The carbon 
chain for the diesel fuel consists of CIO and higher carbon atoms. The chain length has a 
strong correlation with the boiling point of the fuel, with the longer chains having a 
higher boiling point. Therefore, the boiling point of diesel is significantly higher than 
fuels such as gasoline which consists of C7 to Cl l carbon chains. For the Diesel fuel 
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used for the present experiments, the vaporization was initiated at ~175°C and continued 
up to 350°C depending on their molecular structure of the hydrocarbons. These high-
temperatures limit the implementation of external mixture preparation strategies such as 
intake-port injection for the diesel engine. Even for the in-cylinder mixture preparation 
strategies the temporal window of the fuel vaporization and mixture preparation is 
normally short, for instance limited to 40~80°CA depending on the engine operating 
condition. 
In this thesis, the effect of important engine parameters such as the fuel-injection 
scheduling, exhaust gas recirculation (EGR), boost, and injection-pressure was 
experimentally investigated on the mixture preparation process for the EPC combustion. 
Based on the experimental studies, guidelines were developed to facilitate the 
implementation of the EPC strategies over a range of engine operating conditions. The 
implementation of the EGR enabled EPC strategy resulted in engine operations with high 
cycle-to-cycle variation and therefore, cylinder-pressure based control strategies were 
developed and used to assist the engine operation. 
1.3 Thesis Organization 
The thesis is divided into the IX sections. 
Section-I, Preface: This section details the main motivation for the thesis. 
Section-II, Introduction: In this section the basics of the diesel combustion and the 
pollutant formation are discussed. 
Section-Ill, Literature review: In this section work done by other authors in the area for 
in-cylinder emission control for the diesel combustion is reviewed. This helped to 
develop the methodology for the present work. 
Section-IV, Objective: This section provides the detailed objective for the thesis. 
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Section-V: Methodology: In this section the details of the experimental and the modeling 
preparation are provided. The important details for post-processing the experimental data 
can also be found in this section. 
Section-VI, Results and discussion: The experimental test results are presented in a 
chronological manner in this section. 
Section-VII, Efficiency characterization: The examination of the results in the section VI 
showed that there is a thermal-efficiency penalty during the implementation of the EPC 
combustion strategy. The major factors that affect the cycle thermal efficiency are 
documented in this section. This section also provides steps to improve thermal-
efficiency of the EPC cycles. 
Section-VIII, Modeling studies: In this section, the results for the chemical-kinetic based 
modeling to evaluate the boundary conditions of boost and EGR for the EPC combustion 
are presented. The results for the numerical investigation of EGR-reformer are also 
presented in this section. Furthermore, the computational-fluid dynamics results to 
explain the EPC combustion are also described in this section. 
Section-IX, Heat-release rate characterization: In this section the relationship between the 
heat-release rate and each of the important emission and performance parameter for the 
EPC combustion is examined. Based on this analysis, it is possible to formulate the 
desired set of heat-release characteristics for the EPC combustion. 
Section-X, Conclusions and future work: In this section the major conclusions of the 





2.1 Diesel Engine 
The concept of compression-ignition was proposed by the German engineer, Rudolf 
Diesel. He was deeply influenced by his contemporaries, Sadi Carnot and Nicolaus Otto. 
He understood that the engine's cycle efficiency was decided primarily by the 
compression/expansion cycle. In 1876, Nicolaus Otto had demonstrated the concept of 4-
stroke engine with a premixed fuel-air charge. Since a premixed cylinder charge was used, 
Otto had to limit the compression ratio so that the spontaneous combustion of the 
cylinder-charge would not be initiated before ignition. Diesel realized that by limiting the 
compression ratio, Otto had indirectly limited the thermal efficiency for the engine-cycle 
[1,2,3]. Diesel's solution to the problem was to inject the fuel only during the 
compression stroke and thus higher compression ratio could be used, thereby achieving 
higher cycle efficiency. He published his work in a paper called, "The Theory and 
Construction of a Rational Heat Engine Substitute for the Steam Engine and Today's 
Combustion Engines" and applied for the patent for his ideas in 1892. He was granted 
the first patent for his "Working Method and Design for Combustion Engines" in 1893 
and tested his first prototype engine in same year. This engine was fuelled by powdered 
coal and Diesel was able to show that internal combustion was possible with auto-
ignition. 
2.2 Combustion in Diesel Engines 
The diesel combustion process is usually explained on the heat-release rate diagrams such 
as Figure 2-1. The heat-release rate can be considered as the rate at which the chemical 
energy of the fuel is liberated during the combustion process and is estimated based on 
the in-cylinder pressure data. Traditionally, four regions are identified on the heat-release 
rate diagram [4]; ignition delay period (A), premixed combustion phase, (B) diffusion 
combustion phase (C), and tail-of-combustion (D). 
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(A), Ignition delay period: For the conventional diesel engine combustion air alone is 
compressed in the combustion chamber during the compression stroke, which greatly 
increases its temperature and pressure. The diesel fuel (commonly at injection pressures 
between 400-1500 bar) is injected into this highly compressed and heated air in the 
liquid state during the compression stroke. The liquid fuel droplets then absorb/extract 
heat from their surroundings and vaporize quickly. This reduces the temperature of the 
thin layer of air surrounding the droplet but its temperature is again raised by heat 
transfer from the main bulk of air. The diesel auto-ignition takes place only after the 
vaporized fuel is mixed with the air to flammability limits and the local temperature is 
above the auto-ignition temperature. Thus, there is a delay, called the ignition delay 
period before the combustion is initiated. 
(B), Premixed combustion phase: At the end of the ignition delay period, the fuel-air 
mixture that is premixed during the ignition delay period burns rapidly. Once ignition has 
taken place and flames are established, the thermal energy available for further 
evaporation is enhanced by the energy released by combustion. The initial fuel droplets 
meet air whose temperature is only slightly above their self-ignition temperature and 
ignite after ignition delay, however, the subsequent fuel droplets find air that is already 
heated to much higher temperatures by the burning of initial droplets and therefore their 
ignition delay is much shorter. 
(C), Diffusion combustion phase: Typically, at the end of premixed combustion phase the 
rate of combustion is determined by the fuel-air mixing rate. The mixing controlled part 
of the combustion phase is known as the diffusion combustion phase. 
(D), Tail-of-combustion: A small amount of heat-release may take place after the 
diffusion combustion due to oxidation of soot or other fuel-rich products during the 
advanced stages of the expansion stroke. This part of the combustion process is typically 
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Figure 2-1: Typical heat-release rate from a classical diesel engine based on testing in the 
Clean Diesel Laboratory. 
The spatial and temporal evolution of pollutants such as NOx, particulate matter (PM), 
and un-burnt hydrocarbons (UHC) are an area of intensive research. The mechanism of 
pollutant formation has been explained by direct in-cylinder sampling studies, laser 
diagnostic studies and computational fluid dynamic studies [5-17]. Based on these 
research tools it is commonly accepted that the diesel emissions are the result of the 
combustion of the heterogeneous air/fuel mixture and the amount of pollutant formation 
depends on the residence time in different air-fuel ratio and combustion temperature 
conditions. The commonly accepted temporal emission evolution during the diesel 
combustion process (Figure 2-2) suggests that the NOx is formed during the near-
stoichiometric premixed combustion. The soot also begins to form during the premixed 
combustion and reaches its maximum during the diffusion combustion stage. During the 
diffusion combustion both soot formation and soot oxidation processes take place and the 
soot concentration at the end of the cycle is the difference between the total soot 
produced and the total soot oxidized. Similar conclusions were observed on engines with 
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optical-access [15]. The mechanism of formation of each of the species and the available 
techniques of their reduction are also discussed below. 
Premixed Combustion 
NOx formation region 
Diffusion Combustion 
Soot reaches it maximum here 




Figure 2-2: Mechanism of emission formation in diesel engines [6]. 
2.3 Oxides of Nitrogen 
Nitrogen oxide (NO) and nitrogen dioxide (NO2) are the two main oxides of nitrogen that 
are formed during diesel combustion process. NO usually constitutes about 90% of the 
total exhaust NOx. Emission regulating bodies such as Environmental Protection Agency 
of United States regulates only nitrogen dioxide (NO2) as a surrogate for this family of 
compounds because it is the most prevalent form of NOx in the atmosphere that is 
generated by human activities [19]. For the combustion of fuel with very little or no 
nitrogen, the NO formation has been explained based on three mechanisms namely: 
extended Zeldovich/thermal mechanism, N2O intermediate mechanism and the prompt 
NO mechanism [4,16,17]. The details of the mechanisms are as described below. 
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a) Extended Zeldovich/thermal mechanism: 
The thermal mechanism is considered responsible for the majority of NOx emissions 
from conventional diesel engines when the peak combustion temperatures are in excess 
of 2000K. The three chemical reactions that are important in this mechanism are: 
0 + N2<->NO + N (2.1) 
N + 0 2 «-• NO + O (2.2) 
N + OH <-• NO + H (2.3) 
The overall reaction rate for equations (2.1)~(2.3) are temperature sensitive and as a 
consequence, thermal NO only appears in significant quantities after the start of heat-
release (Figure 2-2). The temperature sensitivity of this mechanism also means that as the 
in-cylinder temperature decreases during the expansion stroke, the thermal NO 
concentrations freeze shortly after the end of heat-release. 
b) N2O intermediate mechanism: 
N2O pathway is considered important for NO formation during the lean pre-mixed low-
temperature combustion process. At sufficiently high pressures, N2O is formed as a result 
of the three body reaction: 
O + N2 + M <-> N 20 + M (2.4) 
where, "M" is a third body (molecule) of any compound that is needed to remove energy 
in order to complete the reaction. In the absence of the third body, it is observed that the 
produced N2O quickly decomposed back to the original reactants O and N2. Following 
equations (2.5) and (2.6) 
H + N20 <-• N2 + OH (2.5) 
O + N20 «-> N2 + 0 2 (2.6) 
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However, when the air-fuel ratio is lean, NO forms through the reaction of O with N20. 
The O is produced mainly as a result of the equilibrium reaction (2.8) 
N20 + O <-* 2NO (2.7) 
0 2 + M <-* 20 + M (2.8) 
c) Prompt NO mechanism: 
The prompt NO is considered significant during the rich combustion process, in the 
presence of a high concentration of hydrocarbon, O and OH radicals. Since the prompt 
NO mechanism is significant during the rich combustion, it is believed to contribute a 
small amount of NO in the diffusion portion of the diesel burning process [15]. The 
pathway for prompt NO is initiated by the rapid reaction of hydrocarbon radicals from the 
fuel with molecular nitrogen, leading to the formation of amines compounds that 
subsequently react to form NO. 
2.4 Particulate Matter 
As per the emission regulating bodies such as Environmental Protection Agency, 
particulate-matter (PM) is defined as any matter in the exhaust of an internal combustion 
engine that can be trapped on a sampling filter medium at 125°F (52°C) or less. The 
diesel PM is not considered a well defined physical species. Instead, it is treated as a 
complex emission, including a number of components. PM is traditionally divided into 
three main fractions as listed in Table 2-1 [18]: 
Table 2-1: Particulate-matter constituent characterization 
Category 
Solid fraction 
Soluble organic fraction(SOF) 
Sulfate Particulates (S04) 
Main Constituents 
Elemental carbon and ash 
Organic material derived from engine 
lubricating oil and fuel 
Sulfates, Sulfuric acid and water 
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2.5 Un-burnt-Hydrocarbons 
The sources of HC in DI diesel engines have been attributed mainly to over/under-mixing 
of fuel-air mixture and flame-quenching during the combustion process [4]. The fuel 
injected during the ignition delay period (premixed portion) mixes with air and produces 
a wide range of equivalence ratios. Based on the air-fuel ratios the cylinder-charge 
mixture can be classified as follows (Figure 2-3): 
Lean mixture -A mixture that is too lean to support a stabilized combustion 
Stoichiometric -A mixture that is close to the stoichiometric ratio and ready to combust 
Rich mixture -A mixture that is too rich and still need to evaporate and mix with air 
before it can engage in the combustion process 
Combustion is initiated at close to stoichiometric regions and the combustion continues 
till the localized air-fuel ratio decreases rapidly due to over-mixing with the surrounding 
air or if the flame is quenched at the thermal boundary layer. This over-mixing/quenching 
can result in the formation of HC. The lean mixture may engage in the combustion 
process, if it mixes with the additional evaporated fuel during the combustion process or 
during the expansion-stroke. Similarly, the rich mixture will engage in the combustion 
process if it mixes with enough oxygen and can form a flammable mixture. However, if 
the lean mixture fails to find the necessary fuel or the rich mixture fails to find the air, 
then both the rich and the lean mixture have a tendency to form HC. It may be noted that 
that the HC characteristics due to the incomplete combustion of the rich mixture would 
be significantly different from that of the lean mixture. The HC formed due to the 
incomplete combustion of the rich mixture may consist of lower hydrocarbon chains as 
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Figure 2-3: Hydrocarbon formation in diesel engine [4]. 
2.6 Exhaust Emissions Regulation 
The diesel engines have been used in large heavy-duty trucks, buses and non-road 
equipment due to their fuel economy and durability advantages. However, they emit 
significant amounts of NOx, PM, and HC as pollutants that have a harmful effect on the 
environment and our health. Therefore, the government organizations are implementing 
increasingly stringent emission norms to regulate the diesel engine emissions. Figure 2-4 
and Figure 2-5 show the important emission control features that were introduced or have 
evolved over time with the implementation of increasingly stringent emission norms. 
Currently, most of the diesel engine research is focused on meeting the forthcoming 
stringent emission norms. An important consideration for the emission regulation is how 
these emissions regulations are applied to various vehicle categories and are implemented 
gradually over a period of time. Some details about vehicle categories have been included 
in the Appendix 11.3 for completeness along with the emission phase-in periods. Another 
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aspect of the emission regulation has been its significant impact on the engine oil 
development. More details about the evolution of engine oil needs with time as the 
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Figure 2-5: Evolution of soot emission standard and control techniques. 
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2.7 NOx-PM trade-off 
As discussed in the previous section most of the diesel combustion research is being 
conducted to formulate solutions for the emission regulations. A serious obstacle towards 
using in-cylinder emission control measures to meet the emission regulation requirements 
is the presence of NOx-PM trade-off. The NOx-PM trade-off means that if a particular 
emission control technique resulted in a lower NOx, it has a tendency to increase PM or 
vice-versa. For instance, the use of EGR reduced NOx by lowering the combustion flame 
temperature and oxygen concentration [4,20-25]. However, the use of EGR led to 
increased PM emissions due to lowered oxygen concentration. Other emission control 
techniques such as retarding the injection timing or using oxygenated fuels had shown a 
similar NOx-PM trade-off. Figure 2-6 shows the NOx-PM trade-off with the use of EGR 
for classical low-injection pressure diesel combustion and diesel engines with modern 
common-rail injection. Note that the use of higher injection pressure had a tendency to 
suppress the soot formation but had a higher NOx for a given EGR value. Therefore, it is 
considered very challenging to reduce NOx and PM simultaneously to meet the future 
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Figure 2-6: Experimental results showing traditional NOx soot trade-off with the 
application of EGR at the Clean Diesel Engine Laboratory [25]. 
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CHAPTER III 
3 LITERATURE REVIEW 
3.1 Mechanism of particulate matter and NOx reduction 
Clean diesel combustion strategies are being pursued to overcome the classical NOx-soot 
trade-off and to reduce the engine-out NOx and soot emissions simultaneously. In order 
to accomplish this, researchers have tried to understand the mechanisms of soot and NOx 
formation and based on this fundamental study, they have tried to formulate the pathways 
for simultaneous low NOx and soot combustion. 
Some of the studies were performed on a diesel engine, while others were performed in 
apparatus such as a rapid compression machine or a shock-tube. Aoyagi et al. studied the 
soot formation in a diesel engine using in-cylinder sampling studies and observed that the 
soot formation was significant when the maximum combustion temperature ranged from 
2100 to 2300K and the maximum equivalence ratio ranged from 1.5 to 3.5 [5]. Kamimoto 
et al. studied the soot formation phenomenon in a rapid compression machine using laser 
schrielen photograph. Based on their measurements of equivalence ratio and flame 
temperatures, they concluded that the soot was formed in a region in the flame where the 
average equivalence ratio was rich and the flame temperature was high enough to 
promote fuel pyrolysis of the evaporated fuel [10]. Similarly, Uyehara observed that the 
soot was formed in the temperature ranges from 2000 to 2400K in diffusion flames [12]. 
The effect of temperature and pressure on soot formation due to pyrolysis was studied in 
shock tubes by Frenklach et al. and their study showed that the soot yield became 
significant at 1800K and no soot was generated below 1500K or above 2300K [13]. 
Kamimoto et al. advanced their previous work with in-cylinder sampling studies in the 
actual diesel engine and combined it with their NOx modeling work and produced the "<|)-
T" diagram or local-equivalence-ratio versus local-temperature [11]. This work is widely 
considered as the one of the first attempts to formulate the pathway for simultaneous low-
NOx and low-soot (Figure 3-1). 
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Figure 3-1: Pathway for simultaneous NOx and soot reduction [11]. 
Recently, Kitamura et al. (Figure 3-2) have revisited the soot formation characteristics on 
the (|)-T map based on computational fluid dynamic analysis. They have also identified 
three different regions on their (|)-T map for the soot formation. There was no soot below 
1500K regardless of equivalence ratio. Similarly, for an equivalence ratio below 2 no 
soot was formed regardless of temperature. The maximum sooting tendency was around 
1800 - 2000K and as temperature gets higher than that, the sooting tendency was reduced 
for a given equivalence ratio. Based on all the mentioned analysis there was a general 
consensus that a lean-homogenous cylinder charge during diesel combustion would have 
very little sooting tendency. The lean-homogenous cylinder charge also produces a low 
flame temperature which results in low-NOx simultaneously. Thus, the preparation of a 
lean-homogenous mixture before the combustion was considered as the primary 
requirement for simultaneous low-NOx and low-soot combustion. 
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Figure 3-2: Mechanism of the soot formation for surrogate diesel fuel, n-heptane [14]. 
3.2 Simultaneous NOx and particulate-matter reduction in diesel engine 
Diesel engine researchers have tried to translate the above knowledge to actual diesel 
operation. They have tried to prepare the lean-homogenous charge before the combustion 
process to achieve simultaneous low-NOx and low-soot during the diesel engine 
combustion. This simultaneous low-NOx and low-soot combustion has been called under 
different names by various authors such as homogenous-charge-compression-ignition 
(HCCI), smoke-less rich combustion, premixed lean diesel combustion (PREDIC) and 
modulated-kinetics (MK) and low-temperature-combustion (LTC), depending on the 
methodology adopted. 
HCCI: HCCI type of combustion has been achieved by compression ignition of a mixture 
of air, fuel and EGR of appropriate equivalence ratio. The mixture equivalence ratio has a 
significant effect on the combustion process. If the mixture was too rich, the rate of 
combustion became too rapid and resulted in knock-related problems. A very lean 
mixture resulted in incomplete combustion or misfire. Thus a close-control on the air-fuel 
ratio within a narrow band is a strongly desired attribute for the HCCI type of combustion. 
Another characteristic for the HCCI type of combustion is the lack of a discernible flame 
front and rapid distributed low-temperature reactions. 
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The first studies on HCCI were performed on a two stroke engine by Onishi et al. in 1979 
and they called it Active-Thermo Atmosphere Combustion (ATAC) [26]. Their studies 
showed the lack of flame propagation, and the near instantaneous combustion of the 
entire cylinder charge mixture. Noguchi et al. demonstrated the same combustion process 
in an opposed-piston two stroke engine [27]. They also conducted measurements of 
radical concentration during combustion and highlighted the significance of chemical 
kinetics during HCCI type of combustion. In 1994, Iida used methanol as a fuel to extend 
the load limits of the stable two-stroke HCCI combustion [28]. HCCI was used in two-
stroke engines to improve combustion stability, reduce HC emissions and improve fuel 
economy at part load conditions. In 1983, Najt and Foster showed HCCI type of 
combustion in a four-stroke engine with iso-octane and n-heptane as fuel [29]. Thring 
used both gasoline and diesel fuel, and investigated possible combinations of intake 
temperature, equivalence-ratio and EGR for a given load [30]. This work was later 
continued by Ryan and Callahan, and they showed that a low compression ratio (8:1), 
45-50% EGR rates, and operation from lean to stoichiometric fresh-air-to-fuel ratios was 
needed for HCCI type of combustion in diesels [31]. Christensen et al. were the first ones 
to demonstrate HCCI type of combustion at high loads with natural gas as fuel [32-33]. 
A detailed review of the benefits and the disadvantages for HCCI type of combustion has 
been provided by Stanglmaier and Roberts [34]. The evolution of the HCCI combustion 
process is summarized in Table 3-1. 
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Table 3-1: History of HCCI combustion 
(A) HCCI-Port Injection 
SAE-790501 
(First HCCI in 2-stroke) 
SAE-830264 
(First HCCI in 4-stroke) 
SAE-892068 
SAE-961160 












Iso-octane, Ethanol, Natural 
Gas 
Iso-octane, Natural Gas and 
Ethanol 
Gasoline, Diesel, Iso-octane, 
n-heptane 





































(D) Fuel Reforming 
SAE 2007-01-2044 Diesel + Hydrogen * 
SAE 2007-01-1083 Diesel + Hydrogen 18.45:1 
Based on the method of homogenous-mixture preparation, the diesel HCCI research can 
be divided into port-injection, single or multiple early in-cylinder injection and late in-
cylinder injection. The port-injection was used by several researchers initially as a means 
of mixture preparation due to its simplicity [30,31]. However, a significant disadvantage 
for the port-injection strategy was the lack of combustion phasing control by fuel-
injection strategy. The port injection with diesel also led to very high HC and CO 
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emissions and was associated with the problems of oil-dilution. Figure 3-3 and Figure 3-4 
show the test results for the port injection experiments at the University of Windsor. It 
can be seen that for similar load levels port injection HCCI had lower NOx and soot 
compared to the conventional diesel combustion. However, the CO and HC emission was 
significantly higher in comparison to the conventional diesel combustion. The dilution of 
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Figure 3-4: Emission results for port injection experiments [35]. 
PREDIC: PREDIC stands for PREmixed lean Diesel Combustion (PREDIC) and in this 
method, in-cylinder fuel injection strategy was implemented. The fuel injection timing 
was advanced very early to promote the preparation of a lean homogenous charge 
necessary for simultaneous low NOx and low-soot. For this method fuel impingement on 
the cylinder wall was a significant hindrance because of low cylinder charge densities at 
the time of fuel-injection [36~38]. 
Recently, multiple-injection strategies along with heavy EGR have also been reported by 
various authors as a means to prepare the lean-premixed cylinder charge for HCCI type 
of combustion. This has partly helped to alleviate the problem of high hydrocarbons due 
to cylinder wall-impingement. This technique has particularly helped to promote 
homogenous mixture preparation at high loads [39-45]. 
MK-combustion: MK combustion or modulated-kinetic combustion was characterized by 
low-temperature, premixed combustion system to simultaneously reduce NOx and PM 
emissions. Typically, a single injection strategy close to TDC was used, therefore, direct 
control on the combustion phasing was still retained by the injection event [46-48]. The 
22 
combustion temperature was lowered by the use of EGR. The time necessary for the 
premixed mixture was secured by prolonging the ignition delay by the use of heavy EGR 
and high injection pressure. The fuel injection timing was also significantly retarded to 
prolong the ignition delay. Since the injection event takes place close to TDC, the 
problem of high HC due to cylinder-wall impingement was avoided. 
Smoke-less EGR and LTC: The smokeless combustion avoids the soot formation regions 
on the "<p-T" map by reducing the combustion temperature below the critical temperature 
for soot formation. This was realized by using a large amount of cooled EGR and the air-
fuel ratio approaching near stoichiometric or rich operating conditions instead of the lean-
premixed conditions [49]. 
3.3 Enhanced Premixed Combustion Strategies 
The EPC combustion strategies can be considered as an attempt to unify all the 
previously discussed clean diesel combustion strategies such as HCCI, PREDIC, MK-
combustion and LTC. The enhanced premixed combustion techniques refer to the 
techniques that assist in the transition from the conventional heterogonous combustion to 
a more homogenous cylinder charge before the combustion. Typically, for diesel engines, 
even though the air-fuel ratio is globally lean, the combustion is localized at near 
stoichiometric regions. Thus, during the convention diesel combustion A,local is ~ 1 , while 
the \ioba,>\- However, if an early injection strategy is applied and a sufficiently long 
ignition delay is available for mixture preparation, then a lean homogenous mixture is 
prepared before the combustion. Thus, at the end of the ignition delay period Alocal is 
approximately equal to k lobal and both the quantities are significantly greater than 1. The 
combustion of a lean-homogenous mixture has a potential to produce a simultaneous low-
NOx and low-soot combustion as shown in Figure 3-5. 
In another scenario the cylinder charge mixture is heavily diluted with EGR and the 
^global is close to 1. For this case also it is possible to attain homogeneity by the use of 
multiple injection strategy. In the case the cylinder charge mixture is called weak-
homogenous mixture. Since, significant homogeneity is attained before the combustion; it 
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is possible to lower the soot. The use of heavy EGR ensures that the NOx is also low. 
Thus it is possible to possible to attain simultaneous low-NOx and low-soot combustion 
with a weak-homogenous cylinder charge (Figure 3-6). More details for the experiments 
shown in Figure 3-5 and Figure 3-6 are provided later in Chapter 6 
Therefore, for the EPC combustion the emphasis is on enhancing the homogeneity, since 
it is possible to attain low-NOx and low-soot combustion with both lean and weak 
homogenous mixture (Figure 3-7 and Figure 3-8). The important factors that are 
responsible for the implementation of enhanced premixed combustion techniques are 
injection scheduling, in-cylinder charge composition management, cylinder-temperature 
management and cylinder-pressure based control. All these factors are discussed in detail 
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charge. 
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Figure 3-8: Overall mixture preparation strategies for diesel HCCI type of combustion. 
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CHAPTER IV 
4 OBJECTIVES OF THE STUDY 
4.1 Objectives 
The overall objective of this study was the development of EPC strategies for the diesel 
combustion that can meet the future stringent emission norms with lesser reliance on 
diesel-exhaust after-treatment system. The important aspects to these alternate 
combustion modes are the air-fuel ratio or the homogeneity modulation and the 
temperature history modulation as seen on the "(j)-T" diagram. In an actual engine the air-
fuel ratio history modulation is carried out by the implementation of the desired injection 
strategy, boost and EGR. The temperature history modulation is carried out primarily by 
devices such as variable-valve timing, variable compression ratio and intake heating. For 
the present work the emphasis was on the air-fuel ratio history modulation while the 
compression ratio and the valve-timing were treated as the fixed parameters. The intake 
temperature was modulated to a limited extent by a conventional EGR-cooler. As a first 
step the present study shows how to implement EPC combustion at a given speed and 
load by air-fuel ratio modulation. 
To implement the EPC combustion two important parameters namely; engine boundary 
condition and injection characteristic have to be decided. The engine boundary condition 
establishes the temperature, pressure and composition at the intake-valve closing 
conditions. These parameters are in turn decided by the intake pressure/boost, intake 
temperature and the EGR values are used. Similarly, the injection characteristics are 
completely defined by the 
a. Commanded rail pressure 
b. Number of inj ections 
c. Dwell between the injections 
d. Weight ratio of injections. 
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So in this study, the first objective was to demonstrate the EPC combustion strategy 
and develop a methodology for selection of the engine boundary conditions and 
injection characteristics for the implementation of EPC combustion at any given load 
condition (Figure 4-1). Secondly, an attempt was made to quantify the effect of 
important factors namely; EGR, boost and injection strategy on the homogeneity 
modulation during the implementation of EPC combustion. Once the EPC was 
implemented it was observed that the engine operating conditions were less robust 
than the conventional combustion therefore, the third objective was to implement 
cylinder pressure based control strategies to ensure stable engine operation. For the 
EPC combustion the efficiency was observed to be lower than the conventional 
combustion. Therefore, the final objective was to understand and quantify the factors 
that were affecting the efficiency of the EPC system and make efforts to recover the 
efficiency. An effort was also made to correlate the cycle thermal efficiency with the 
important heat-release characteristics such as combustion-phasing, shaping and 
duration. It was also found that the important EPC enabler EGR had a dual impact on 
the cycle thermal efficiency. One effect of the increased use of EGR was the 
improved combustion phasing and thereby higher work done per cycle. However, the 
increased use of EGR also led to increased CO and HC which lowered the 
combustion efficiency. The methodology of equivalent emissions has been proposed 
to understand the above mentioned effect of EGR. 
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The principle of EPC strategy was investigated primarily by experimental means. 
Therefore, this section provides the details for the preparation of the experimental work. 
This is followed by the post-processing techniques for experimental test-results. The 
theoretical analysis was performed to understand the empirical results and to develop the 
boundary condition for the tests. In this section the details of the modeling tools used for 
the analysis have also been provided. 
5.1 Experimental Preparation 
The experimental work was performed on a production version of Ford common-rail 
diesel engine. (4-cylinder 2.0L, VI85 Duratorq engine). The details of the engine are as 
shown in Table 5-1. 

















(Rail pressure up to ~ 1600bar) 
The base-engine consisted of a single-stage variable geometry turbocharger (VGT). The 
VGT system provided the required levels of boost and EGR by adjusting the EGR valve 
and the vane position. An important limitation of using the baseline air-system was that 
the boost and the EGR system were coupled and could not provide the simultaneous 
high-EGR and high-boost required for the EPC experiments. Therefore, an independent 
boost and EGR system was prepared. The boost was provided by an oil-free dry-air 
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compressor (Manufacturer, Atlas Copco, Model No. GA11FF) while the EGR was 
controlled by an independent pneumatic back-pressure valve. The original intake and the 
exhaust manifold were replaced by new prototype unit that allowed the implementation 
of the EPC experiments in Cylinder No.l while the other cylinders continued to be 
connected with the original Ford air-cleaner and operated in the conventional combustion 
mode (Figure 5-1). This step of running Cylinders No.2, 3 and 4 in the conventional 
mode was essential for running the engine at a stable rpm. For a motoring dynamometer 
it is possible to lock the engine operation at any revolutions per minute (rpm) even at 
unstable combustion conditions. However, for the present experiments the engine was 
coupled to an eddy-current dynamometer which was readily available in the lab. An eddy 
current dynamometer can only absorb power, and has a limited speed-response and 
control stability in comparison to the motoring dynamometer. Therefore, the engine 
operation at a fixed "set-point" rpm is difficult when the engine is operating at high 
cycle-to-cycle variation conditions which are inherent with the use of heavy EGR. The 
strategy of running Cylinder No.2, 3 and 4 in the conventional combustion mode helped 
to stabilize the engine rpm fluctuations. Note, that the power required to drive the 
compressors was not considered in the energy-efficiency calculations performed later in 
this thesis. 
Specific provisions were made in Cylinder No.l to ensure that there was no cylinder-to-
cylinder cross-contamination during emission measurements. A dual-bank exhaust 
analyzer system consisting of NOx, HC, CO, CO2, O2 and soot analyzer was used for 
measuring the exhaust emissions and to monitor the intake gas concentrations. 
The details of engine-electronics hardware that were set-up for running the modified 
single-cylinder engine are shown in Figure 5-2. The precise fuel injection scheduling was 
implemented using a real-time controller embedded with a field programmable gate array 
(FPGA) device. The FPGA generated the desired transistor-transistor logic (TTL) pulse 
patterns corresponding to the on-fly updated injection schedule. The timing of the 
commanded injection pulses was crank-angle resolved at 0.1 °CA intervals and the 
duration of the injection was time-resolved in microseconds deterministically. This TTL 
output signal was amplified using the injector power driver to execute the pulse trains, 
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which were programmed to drive the injectors with the suitable voltage and current 
profiles. The EPC specific injection strategies were implemented for Cylinder No.l while 
for the Cylinder No. 2, 3 and 4, a single-shot injection strategy was implemented. A brief 
description of all the injection strategies used for EPC combustion is provided in 
Appendix 11.1. The FPGA device was additionally used to perform cylinder pressure 
data-acquisition and to implement cylinder-pressure based control strategies. All the 
programming required for configuring the FPGA logic gates was done using LabVIEW 
programming environment [50]. The FPGA device was accommodated in a Peripheral 
component interconnect extension for instrumentation (PXI) chassis that also included a 
real-time controller used for floating point calculations. 
An additional real-time controller was also set-up for fuel-rail pressure regulation. The 
engine hardware modifications allowed bypassing the original ECU and running 
independent fuel-injection and air-fuel ratio management strategies. The LabVIEW 
programming environment was also utilized in the laboratory for PC-based boost and 
EGR control for the EPC experiments, data acquisition and on-line monitoring of the 
heat-release rates, pressures, temperatures and emissions. The engine coolant and 
lubricant oil conditions were monitored and controlled closely with external conditioning 
systems to minimize the discrepancies of the testing results. For all the tests described in 
this thesis, the coolant and the oil temperature was set to 80°C, while oil pressure was set 
to 4 bar (absolute). Additional details about the major components that were set-up as 
part of the engine instrumentation are included in Appendix 11.2. 
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Injection Control bvsiemL, 
Figure 5-1: Hardware modifications for conversion to a single-cylinder research engine 
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Figure 5-2: Implementation of enhanced premixed combustion strategies. 
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5.2 Post-processing of In-cylinder Pressure 
The in-cylinder pressure was acquired using a glow-plug mounted AVL piezo-electric 
pressure transducer. The acquired voltage signal was amplified using a Kistler charge 
amplifier (Model No.5010B), which converted the pressure data to a 0-10 V signal that 
was acquired by the data-acquisition system. A general-purpose PC-based high-speed 
data acquisition card (Data-acquisition card Model No.: 6023E) was used for acquiring 
the cylinder pressure data. The cylinder pressure data acquisition was triggered by the 
TDC signal generated by the encoder that acted as an external trigger. The 0.1 °CA signal 
produced by the encoder acted as the external clock and the cylinder pressure data was 
acquired for every 0.1 °CA. The block diagram for the data-acquisition of the cylinder 
pressure is shown in Figure 5-3. 
Cylinder pressure data was logged for 200 consecutive cycles at each of the operating 
conditions. The number of consecutive cycles to be used for averaging was found by 
considering the variability inherent in the data and the accuracy required. To ensure the 
confidence level of 99.9% that the sample mean was within 3% of population mean, the 
sample average was based on 200 cycles [51]. The rate of heat-release versus crank angle 
was evaluated based on first law of thermodynamics. 
Cylinder No 1 pressure 
signal obtained using 





Figure 5-3: System layout showing cylinder pressure data-acquisition. 
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Following parameters were evaluated from the obtained cylinder pressure data: 
• Pmax and the °CA corresponding to Pmax for each cycle 
• Rate of change of pressure versus °CA for each cycle 
• IMEP for each cycle 
• Work done for each cycle 
• Rate of heat-released versus °CA for each cycle 
• Heat-released versus °CA for each cycle 
The net heat-release rate was calculated using the simplified equation derived based on 
the first law of thermodynamics [4]. 
dQhr dQhl dQn 1 
d6 d6 de (y-l) 
where 
dV T/dP 
yP + V— 
de de 
dQhrlde =Heat-release rate by combustion, 
dQht/de =Heat transfer rate to the cylinder wall, 
dQn/de =Net heat-released, 
e =Instantaneous engine position in crank angle 
y =Ratio of specific heats, 
P =Instantaneous cylinder pressure 
V =Instantaneous cylinder volume, respectively. 
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In this simplified equation, the heat-transfer, crevice volume effects and composition 
effects were ignored. The normalized heat-release rate obtained was compared with the 
results obtained from the comprehensive in-house engine cycle simulation program 
SAES [52] for start of combustion, and combustion-phasing. The results were in 
agreement both the methods, therefore for the present work only the simplified heat-
release rate equation was used. 
5.3 Emission Analyzers 
A dual-bank of exhaust analyzer system, one for the exhaust emissions and the other for 
the intake gas concentrations, was used for the tests. The NOx, UHC, CO, CO2, O2, and 
soot emissions were monitored for the exhaust emissions while only the O2 and CO2 
emissions were monitored at the intake. The HC analyzer measured the total 
concentration of hydrocarbons within a gaseous sample on CI basis. Table 5-2 
summarizes the types of emission analyzers used in the laboratory for the present 
research. 
5.4 EGR Ratio 
When EGR is applied, the engine intake consists of fresh air and recycled exhaust. The 
percentage of recycled gases is commonly represented by an EGR ratio, i.e. the mass 
ratio of recycled gases to the whole engine intake. The fresh air intake contains negligible 
amounts of CO2 while the recycled portion carries a substantial amount of CO2 that 
increases with EGR flow rate and engine loads. Thus it was decided to use a CO2 based 
approach to describe the EGR ratio and was expressed as the ratio of the intake CO2 
concentration to the exhaust CO2 concentrations. 
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5.5 Modeling Work 
The modeling work in this thesis was used as a tool to assist in the interpretation of the 
empirical results and to set the boundary condition for the experiments also. The 
modeling work presented in the thesis can be divided into three sections (Figure 5-4 and 
Figure 5-5). The first part of the modeling work was used to understand the homogeneity 
development prior to the combustion process. This was done using a 3-dimensional 
computational fluid dynamics tool, KIVA (version 3V). KIVA was primarily developed 
by Los Alamos Laboratories as a tool to study and simulate two and three-dimensional 
chemically reactive turbulent fluid flow with sprays. KIVA has deforming mesh 
capability for analysis of geometries with moving boundaries, which makes it suitable for 
applications such as internal combustion engines where the physical boundaries or the 
cylinder volume change with time in a fixed manner. Since, KIVA is 3-dimensional 
software it was able to describe the temporal and spatial variations of temperature, 
composition, pressure and flow-fields in the combustion chamber. KIVA includes various 
sub-models such as spray, ignition, combustion, heat-transfer and turbulence to describe 
various aspects of the engine combustion process. The details of the mass, momentum 
energy balance and turbulence equation are given in the Appendix. These simulations 
were performed from the intake valve closing to the exhaust valve opening conditions. 
In the second part of modeling, homogeneity was assumed as a known quantity and the 
effect of air-fuel history modulation was investigated. This was performed using 
chemical kinetics software CHEMKIN. The CHEMKIN simulations were used to 
estimate the start of combustion. The start of combustion parameter estimation allowed 
making important predictions about the performance parameters for the EPC strategies 
such as rate-of-pressure rise and efficiency. There are six basic steps involved in using 
CHEMKIN to solve a typical chemical process modeling problem: 
1) Preparing the chemistry input file(s) 
2) Assemble the thermodynamic and transport databases 
40 
3) Prepare the Application-specific input data; such as slider-crank mechanism to 
specify change in volume as a function of time 
4) Running the Pre-Processing programs 
5) Run the Application 
6) Post-process the results 
In the third part of the modeling work, both the homogeneity and the heat-release were 
taken as the known quantities and the effect of characteristics such as combustion 
phasing, duration and shaping on the engine cycle efficiency were evaluated using 
synthetic atmospheric engine simulation software (SAES). SAES is an in-house zero-
dimensional engine cycle simulation software that was developed by Dr.Zheng [52]. It 
was primarily used to describe the thermal effects of the combustion rather than the 
process itself. Therefore, the fuel-burn rate was treated as a-priori and based on the 
combustion rate the resulting pressure was calculated in accordance with the first-law of 
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Figure 5-5: Simulation tools and there area of application to support the investigation of 
EPC combustion strategy. 
All the modeling tools namely; KIVA, CHEMKIN and SAES have been developed and 
validated extensively by other researchers in the past, so the emphasis of was primarily to 




6 RESULTS AND DISCUSSION 
6.1 Empirical Work 
The objective of EPC combustion was to achieve simultaneous low NOx and low-soot by 
preparing a lean or a weakened homogenous cylinder charge before the combustion 
process. As discussed before, the important factors that influence the preparation of this 
cylinder-charge mixture are the injection characteristics, boost, and EGR. To simplify the 
cylinder-charge composition modulation, the first experiments were performed with no 
EGR and boost. In this way the cylinder charge equivalence ratio was modified by only 
the injection characteristics. Thereafter, experiments considering other factors affecting 
the EPC combustion were considered and detailed in this chapter. 
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6.1.1 EPC experiments with single injection and no EGR 
In this experiment, tests were performed with a single injection strategy with continuous 
advance in the injection timings. The underlying assumption was that, when the fuel was 
injected earlier during the compression stroke, the prevailing in-cylinder temperatures 
would be lower and the fuel would experience a longer ignition delay before the 
combustion was initiated. This increased ignition delay would then assist in the 
preparation of a lean homogenous cylinder charge. However, when the commanded start-
of-injection (SOI) was advanced from 359°CA to 340°CA, the ignition delay was not 
substantially affected and little benefits were obtained in reducing NOx (Figure 6-1 and 
Figure 6-2). The timing advance however resulted in increasing the rate of increase of 
pressure; therefore it was decided not to advance more than 340°CA in single-shot 
injection strategy. The tests were performed at two injection pressures, with the 
assumption that at higher pressures the injection event would finish sooner giving more 
time for mixture preparation. The soot was the less than 1FSN for all the test points due 
to low-load and no EGR condition. The observations in this experiment are consistent 
with other authors such as Shimazaki et al. [38] who observed similar behavior. In their 
experiments they also observed that for an injection timing of 335~340°CA no NOx 
reduction was observed and if the injection-timing was advanced there was the onset of 
knocking. The phenomenon of knocking phenomenon was observed up to 290°CA. Thus 
it can be seen that it was not possible to prepare a lean-homogenous mixture with a single 
injection with close-to-TDC start-of-injection timings. Therefore, it was decided to 
pursue multiple-injection strategy to prepare the lean-homogenous mixture for 
simultaneous NOx and soot reduction. 
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Figure 6-2: Effect of timing advance (conventional timing and no EGR). 
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6.1.2 EPC with multiple-fuel injection strategy and no EGR 
The multiple-injection strategy was implemented very early into the compression stroke 
to enhance the mixing process and achieve a lean-premixed mixture necessary for 
simultaneous low-NOx and low-soot. The injection strategy consisted of 7 very early 
injections starting at 260°CA, with a dwell of 5 degrees and one injection close to TDC, 
with the rationale that such early injections would assist in the formation of a lean 
homogenous mixture and the last injection was attempted for combustion phasing control. 
This injection-strategy was not able to achieve the simultaneous low-NOx and low-soot 
combustion. The injection strategy was modified primarily for the last injection timing to 
achieve low-NOx and low-soot combustion and the injection strategy history is shown in 
Figure 6-3. At point A the last-injection was implemented at 350°CA. Even though a 
significant part of the fuel was injected very early during the compression stroke, high 
NOx was observed. It can be seen from the heat-release rate that, for the last injection 
there was almost no ignition delay which provided little opportunity for the formation of 
the lean-homogenous charge for the last injection (Figure 6-4). Hence, the last injection 
was advanced so as to provide extended time for the formation of the lean homogenous 
mixture. The quantity of the last injection was also reduced to minimize the fraction of 
fuel injection close to TDC. Both the timing advance and the reduction in the fueling 
quantity helped to reduce the NOx as can be seen at the point B. Finally, for the point C, 
all the injections were advanced further into the compression stroke. The first seven 
injections were spaced 5 degrees apart starting at 240°CA and the last injection was at 
330°CA (Figure 6-5). This time the average NOx of around 12 ppm was achieved. At 
point C if any attempt was made to increase the fueling quantity of the pilot injections, 
the NOx started to increase again. So, the load levels that could be achieved with a lean-
homogenous mixture were limited to around 3 bar IMEP without EGR. The soot was the 
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6.1.3 EPC at high load with multiple injection strategies and EGR 
As mentioned previously, it was possible to implement EPC strategies without EGR only 
up to a load of 3 bar IMEP. For loads higher than 3 bar IMEP, it was decided to use EGR 
as an enabler for NOx reduction. As mentioned previously, the use of EGR tends to favor 
higher soot formation due to reduced oxygen availability. Therefore, an attempt was 
made to prepare a homogenous mixture and suppress the soot formation in spite of 
reduced oxygen availability in presence of EGR. 
A simplified multiple-injection strategy was implemented with 3 injections (Figure 6-6). 
The first two injections were again implemented very early during the compression 
(260°CA, 288°CA) while the third injection was at 335°CA. Initially, a moderate amount 
of EGR was applied (45%) and it was observed that the fuel underwent spontaneous auto-
ignition significantly before TDC. The combustion was initiated at 340°CA thus only a 
short mixing duration was available for the last injection, thereby resulting in a high-soot 
of 1.8FSN. However, when the EGR was progressively increased to 55%, the onset of 
the combustion was postponed. This helped to gain additional time for preparation of the 
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homogenous mixture. The increase of EGR led to two opposing effects on the soot 
formation; increased sooting tendency due to reduced oxygen availability and increased 
time for mixture preparation. For the present experiment the soot decreased from 1.8FSN 
to 1.0 FSN which suggested that the gain in mixture preparation time could compensate 
for the reduced oxygen availability. An additional benefit was shifting the combustion 
phasing closer towards the TDC, and this reduced the compression work. This was 
reflected in the increase in IMEP from 6.6 bar to 7.4 bar IMEP for the same fueling 
quantity. In addition, the shift in phasing closer towards TDC resulted in a decrease of 
rate-of-pressure-rise, (dp/dQ)max from 28 to 20. The increase in EGR also led to a 
reduction of the oxygen concentration and the higher heat-capacity of the working fluid, 
thereby reduced the NOx emissions from 1.3 g/kW-hr to 0.1 g/kW-hr. The application of 
EGR therefore assisted simultaneous reduction of soot and NOx emissions. When the 
EGR was increased further to 61%, further improvements in the emission and 
performance characteristics were obtained. The NOx remained close to 0.1 g/kW-hr 
levels but the soot dropped further to 0.4 FSN. The combustion phasing was postponed 
further and the peak of heat-release rate was shifted after TDC. The improvement in the 
combustion phasing reduced the (dp/d9)max to 14.3. No change in IMEP was noticed even 
though the compression work was reduced, this was because when the EGR was 
increased from 55 to 61% the CO increased from around 500 to 5000 ppm. The increased 
CO was an indication of incomplete combustion, thus the gain in IMEP due to better 
combustion phasing was offset by a loss in IMEP due to increase in incomplete 
combustion. 
To decrease the CO emissions it was decided to increase the boost, since increased boost 
leads to increased oxygen availability. The boost was increased to 75kPa while the EGR 
ratio was kept constant (Figure 6-7). This resulted in a lower CO, but the combustion 
phasing was advanced at higher boost. The advancing of the combustion phasing also led 
to an increase in the rate of increase of pressure. The experiments were also performed at 
a higher boost of 120kPa but with a same intake oxygen concentration as the baseline 
boost of 50kPa (Figure 6-8). A higher EGR was needed to reach the same intake oxygen 
as the baseline case. The use of higher boost helped to attain higher IMEP, while 
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Figure 6-7: Effect of boost on EPC combustion at a constant EGR ratio for a fixed 
injection strategy. 
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The use of higher EGR ratio also led to a rate of pressure-rise comparable to the case of 
50kPa boost. Therefore, an increase in boost either at constant EGR ratio or at a constant 
intake oxygen concentration resulted in a decrease in CO; however the increase in boost 
led to the combustion phasing being advanced from the TDC which had a detrimental 
effect on the rate-of-pressure rise. 
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Figure 6-8: Effect of boost on EPC combustion strategy at constant intake oxygen 
concentration and a fixed injection strategy. 
The major characteristic of the multiple early sparse injection strategy was that it was 
possible to have simultaneous low NOx and low soot but the UHC emissions were very 
high. To understand the high hydrocarbon issues it was important to understand the 
properties of diesel fuel. Unlike gasoline, diesel is a hard to vaporize and based on the 
material safety data sheet for the diesel, the vaporization is initiated only at around 460K 
and entire vaporization is complete only at 620K. On a crank-angle domain, it means that 
the fuel vaporization was readily initiated only for injection timings after 280~290°CA. 
This suggests that the first two injections of the multi-pulse injection strategy would have 
had a strong propensity to condense because of the prevailing low in-cylinder 
52 
temperatures at the time of injection. Another likelihood of UHC is due to the wall-
impingement of the early injected fuel. The cylinder-charge density is lower at the time 
of early injection and favor higher spray penetration. The effect of injection strategy on 
wall-impingement was investigated numerically using Hiroyasu's model [53]. Hiroyasu 
et al. performed spray visualization studies and based on their work they proposed 
empirical equations for spray break-up length, spray-penetration, and spray-angle and 
drop size distribution. The expression for spray break-up consisted of two parts; one 
before the time for spray break-up length and the other after the time of spray break-up 
length. 
For 0 < t < tb,, 
5 = 0.39 
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The effect of injection pressure, start of injection timing and boost on spray penetration 
was numerically investigated as shown in Figure 6-9 ~ Figure 6-11 . It can be seen that 
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Figure 6-11: Effect of injection pressure on liquid spray penetration length. 
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The above analysis for the liquid penetration length and the vaporization temperature 
helped to improvise the injection strategy. Therefore, this time the fuel-injection events 
were shifted closer to TDC where the in-cylinder temperatures were higher and assisted 
the fuel vaporization process and the injection quantities were selected in such a way that 
there was no wall-impingement. 
Both the above mentioned corrections in the injection strategy allowed the 
implementation of EPC combustion with a significant drop in HC emissions (Figure 6-12 
and Figure 6-13). A disadvantage of the close-to-TDC injection strategy was that the 
combustion phasing was advanced for similar levels of EGR and consequently the rate of 
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Figure 6-13: Implementation of injection timing guidelines for enhanced premixed. 
For the close-to-TDC injection strategy all the injection events were completed before 
335°CA and significant reductions were observed in UHC. In the last multiple injection 
strategy, the injection timings were shifted more closely towards TDC and EGR was 
progressively increased. The EGR sweep was attempted at three boost-pressures. This 
was done to see if the hydrocarbon could be reduced further while retaining the low-NOx 
and low-soot benefits. For this set of experiments a fixed injection scheduling consisting 
of 2 injections, one at 20°before top dead center (BTDC) and the other at 8°BTDC were 
considered. The application of EGR at constant boost showed the traditional NOx-PM 
trade-off (Figure 6-14, Figure 6-15 and Figure 6-16). The increase in boost at a fixed 
EGR led to a decrease in soot due to increased oxygen availability. However, it was not 
possible to achieve the simultaneous low NOx and low soot whereas the HC emissions 
were lower than any of the previous multiple injection strategies discussed. The heat-
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Figure 6-14: Effect of EGR and boost on emission at fixed injection strategy. 
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Figure 6-17: Representative heat-release for the case of 2-injections with lOOkPa boost 
and 51% EGR. 
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From Figure 6-17, it can be seen that the combustion started at 345°CA. So for the first 
injection at 340°CA an ignition delay of only 5°CA was available for mixture preparation. 
For the second injection at 352°CA, there was no distinct ignition delay to prepare the 
homogenous mixture necessary for soot reduction. 
Based on the above results it can be seen that the injection strategy had impact on 
attaining simultaneous low-NOx and low-soot combustion. It was also important to 
contain the UHC, because UHC is an indicator of incomplete combustion. In order to 
obtain the simultaneous low-NOx and low-soot, it was necessary to provide sufficient 
time for mixture preparation. This time was made available by injecting the fuel very 
early during the compression stroke and having a sufficient ignition delay due to the 
presence of EGR. Very early injection timings (Figure 6-6) were able to have combustion 
with low-NOx and low-soot but resulted in high UHC emissions due to fuel-condensation. 
Therefore, it was necessary to move the injection timings closer towards TDC to assist in 
the vaporization process. However, there was a limit to which the injection timing could 
be moved towards the TDC. For injection timings after 340°CA it was not possible to 
attain the ignition-delay long enough to form a homogenous mixture necessary for 
simultaneous low-NOx and low-soot. The crank-angle window for injection-timings that 
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Figure 6-18: Injection timing window that was able to obtain simultaneous low-NOx and 
low-soot combustion with multi-pulse injection strategies. 
The transition from conventional diesel to multi-pulse EPC on the dynamometer has been 
shown in Figure 6-19. For the EPC combustion shown in this thesis, the transition to the 
EPC combustion with multi-pulse injection strategy was done from the motoring 
condition only. If the engine was running in a conventional combustion mode, the engine 
was brought to idling by the dynamometer, and then the conventional combustion 
strategy was switched-off before the multi-pulse injection strategy was implemented. As 
shown in Figure 6-19, at the motoring condition a small amount of fuel was injected very 
early in the compression stroke. For the injectors considered in the present experiment the 
minimum stable injection quantity was 200micro-seconds (|us) therefore the injection 
scheduling consisted of three injections of 200[is. At this stage EGR was immediately 
engaged to prevent the auto-ignition of the fuel before the TDC. Note, at these conditions 
too much EGR may extinguish the combustion flame; therefore the amount of EGR 
needs to be selected with caution. For the present experiments an EGR of 55-60% was 
used. Once the combustion flame was stabilized for an injection quantity of 200(j,s, the 
fueling was gradually increased in small steps, and it was ensured that for each step 
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adequate amount of EGR was available to prevent the early auto-ignition of fuel early 
during the compression stroke, For the multi-pulse HCCI injection strategy "multiple-
early-dense injection strategy" [44,45] was applied, more details of which can be found 
in the appendix. 
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Figure 6-19: Transition from conventional diesel to HCCI combustion mode during the 
dynamometer tests. 
6.1.4 Injection pressure as an enabler for EPC combustion 
The use of higher injection pressure at a constant fueling was able to reduce the injection 
duration and thereby gain the time available for mixing. Single shot experiments were 
performed at a series of injection pressures at constant IMEP and constant start of 
combustion. It can be seen that at lower injection pressure the timing had to be advanced 
substantially to compensate for the longer injection duration (Figure 6-20). Thus, for 
most of the EPC experiments high injection pressure was used which increased the time 
available for mixture preparation and also helped in the spray atomization process. 
However, the use of higher injection pressure resulted in higher accessory work by the 
engine. The frictional work done was evaluated on an alternate motoring dynamometer 
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Figure 6-20: Effect of injection pressure on the mixing duration. 
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Figure 6-21: Effect of injection-pressure on friction-mean effective pressure determined 
using a motoring dynamometer. 
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6.1.5 EGR enabled EPC experiments with single-injection strategy 
One drawback of multi-pulse EPC injection strategy in the previous section is the lack of 
combustion-phasing control directly with injection scheduling. Therefore, as a next step 
the EPC experiments were performed with a single injection strategy configured close-to-
TDC. The use of injection timing close to TDC helped to retain combustion-phasing 
control by injection-scheduling. As discussed previously during multiple-injection 
experiments, the increasing use of EGR results in two opposing effects on the soot 
formation; one was the soot increase due to reduced intake oxygen concentration and 
second was the increased ignition delay for mixture preparation before the combustion 
process. An additional effect of the use of EGR is the reduction in the flame temperature, 
which also helps to shift the combustion towards the low-soot region of the (j)-T map. 
Therefore, for the EGR enabled EPC experiment, a single injection was configured close 
to TDC and the EGR was progressively increased till the combustion approached the 
low-soot regions due to prolonged ignition delay and lowered flame temperature. The 
EGR-enabled EPC experiments were first performed for low-load condition with no-
boost and low-injection pressure. The load was progressively increased up to 9bar IMEP 
with appropriate selection of boost, EGR and injection pressure. 
6.1.5.1 EGR-enabled EPC experiments at 2.2bar IMEP, low-boost and low-
injection pressure 
The EGR-enabled EPC experiments were performed at a load of 2.2 bar IMEP. A single-
injection strategy was implemented with a commanded SOI of 354°CA. At high EGR-
rates the prolonged ignition delay led to a significant departure of combustion phasing 
from the TDC, therefore the commanded SOI had to be advanced up to 350°CA to 
maintain the combustion phasing close to TDC. As mentioned above, no boost was 
implemented and the injection pressure of 430bar was used. The NOx decreased 
continuously in Figure 6-22 due to dilution, thermal and chemical effects of EGR 
[54-56]. For this test, a simultaneous low-NOx and low-soot was achieved with an EGR 
of 60%). Since the experiments were performed at very low-loads even with an 
implementation of 60%> EGR, there was 16% oxygen at the intake (Figure 6-23). As a 
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Figure 6-22: EGR-enabled EPC experiments at low-loads. 
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Figure 6-23: EGR-enabled EPC experiments at low-loads. 
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6.1.5.2 EPC experiments at 4.4bar IMEP with low-boost and low-injection 
pressure 
This time the EPC experiments were performed at a load 4.4bar IMEP with a single 
injection strategy. The single injection was implemented at a SOI of 356°CA. However, 
the SOI was continuously adjusted similar to the previous experiments with increasing 
EGR to maintain the combustion phasing close to TDC. This time the boost was 
moderately increased to lOkPa while the injection pressure was still kept at 460bar. 
Under such testing conditions, the NOx-PM trade-off was readily apparent (Figure 6-24). 
For EGR ratios up to 45% the NOx decreased monotonically. At the same time, the 
application of EGR led to a rapid decrease in oxygen availability which translated to a 
substantial increase in soot from the baseline case. Any further increase in EGR had little 
impact on the NOx emissions; however the soot decreased from its peak value. The 
segment of the soot versus EGR curve that showed the traditional NOx-PM trade-off is 
referred to as the Slope-1 of soot formation in this thesis. The mode of combustion where 
the NOx and the smoke are simultaneously low is considered as the Low-Temperature 
Combustion variant of the EPC and the segment of soot-EGR curve where the soot is 
dropping with an increase in the EGR is referred to as Slope-2 of the soot-EGR curve. 
Since the intake charge dilution has been identified as a major factor for NOx reduction it 
was decided to represent the effect of EGR on the intake oxygen concentration basis also 
(Figure 6-25). According to Figure 6-25, it can be seen that a minimum intake dilution of 
14% oxygen was required for low-levels of NOx with EGR enabled EPC. Any decrease 
in intake oxygen lower than 14% had very little impact on the NOx emissions. Similarly, 
an oxygen of 10—12% was required for simultaneous low-NOx and low-soot. 
The increasing use of EGR compromised the combustion efficiency as indicated by the 
increased amounts of CO and UHC (Figure 6-26, Figure 6-27). The CO started to climb 
up rapidly once the 40% EGR rates or 14%> intake-oxygen is reached. This EGR window 
approximately matched the EGR needed for low-NOx. EGR rates in excess of 50% were 
needed to implement the simultaneous low-NOx, low-soot combustion and for these EGR 
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Figure 6-24: Simultaneous reduction of NOx and soot with EGR-enabled EPC 
combustion using a single injection strategy. 
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Figure 6-25: Simultaneous reduction of NOx and soot with EGR-enabled EPC. 
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Figure 6-26: Effect of EGR on CO and HC during EGR-enabled EPC. 
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Figure 6-27: Effect of intake-oxygen concentration on CO and HC during EGR-enabled 
EPC. 
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6.1.5.3 EPC experiments at 5.5 bar IMEP and low injection pressure 
This time the load for the EPC experiments was again increased while the boost and the 
commanded rail pressure were still kept at 15kPa and 500bar respectively. The EGR was 
again progressively increased till the combustion approached simultaneous low-NOx and 
low-soot combustion regimes. This time the tests were performed at three different SOI's 
of 356°CA, 360°CA and 362°CA. Unlike the previous experiments, the SOI was not 
adjusted when increasing amounts of EGR was applied. The NOx-EGR (Figure 6-28) 
trend nearly overlapped for all the three injection timings whereas the soot EGR trends 
were more favorable for the SOI of 360°CA and 362°CA. If the IMEP penalty (Figure 
6-29) was also taken into account then the injection timing of 360°CA had a lower IMEP 
penalty compared to 362°CA. Large amounts of un-burnt hydrocarbon and CO were 
generated during the combustion in the enhanced premixed regime and as Figure 6-30 
shows up to 3% of the input fuel energy was wasted during these combustion modes. The 
cylinder pressure traces during the EGR sweep for a representative case of 356°CA has 
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Figure 6-31: Effect of EGR on heat-release rate for a fixed SOI. 
6.1.5.4 EPC experiments with high injection pressure and high-boost 
This time the load was still kept the same as the previous experiment but both the boost 
and the injection pressure were raised. The boost was selected as 50kPa and the 
commanded rail pressure was set to 950bar. For this case experiment, the transition from 
the Slope-1 to Slope-2 took place at approximately 50% EGR (Figure 6-32). When the 
load was increased to 8.0bar IMEP at the same boost and injection pressure, the soot 
continued to increase up to 52% EGR, which suggested that an IMEP of 6.0bar was the 
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Figure 6-32: EGR-enabled EPC combustion at mid-load conditions with increasing boost 
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Figure 6-33: Load-limits for a given boost and injection pressure for EGR enabled EPC. 
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6.1.6 Parametric study during EPC combustion 
In this section the above mentioned experiments were grouped together and the effect of 
load and injection pressure has been investigated on the EPC combustion. 
EFFECT OF LOAD 
The majority of soot particles originate in the fuel-rich regions of burning diesel jets. As 
the load was increased, for a fixed boost and injection pressure, there were no additional 
enablers to assist in the homogenization of the increased amount of fuel. Therefore, there 
was increased propensity for formation of fuel-rich pockets which resulted in higher soot 
as the load was increased. The increase in soot with load became more pronounced in the 
presence of EGR because of the reduction in the oxygen concentration. The effect of 
increase in load on Slope-1 and Slope-2 of the soot-EGR curve is shown in Figure 6-34 
and Figure 6-35. In Figure 6-34, the load is increased moderately from IMEP of 2.2 to 4.5 
bar while the injection pressure and the boost was kept constant. At the 4.5 bar test, the 
peak soot values was 3.0 FSN, while the comparative peak soot at 2.2 bar IMEP was less 
than 1FSN. However, when the EGR-enabled EPC experiments were implemented at 
6.0bar IMEP (Figure 6-35, Figure 6-36) at higher boost (50kPa) and injection pressure 
(950bar) the peak soot values were contained to less than 1.5FSN. Thus it can be readily 
seen that the any increase in load needs to be compensated with boost and injection 
pressure to contain the peak soot in the soot-EGR curve. On an intake oxygen basis, the 
simultaneous low NOx and low-soot was approached at both 4.4bar and 6.0bar IMEP at 
11% oxygen at the intake (Figure 6-37). 
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Figure 6-34: Effect of load on Slope-1 and Slope-2 curves of soot formation at fixed 
boost and injection pressure. 
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Figure 6-35: Effect of load on Slope-1 and Slope-2 curves of soot formation at increased 
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Figure 6-36: Effect of load on Slope-1 and Slope-2 of EPC combustion. 
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Figure 6-37: Effect of intake oxygen concentration on soot-formation during EGR 
enabled EPC. 
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The effect of increased load on NOx formation for the EGR enabled EPC has been 
examined in Figure 6-38, Figure 6-39 and Figure 6-40. In the addition to the previously 
discussed EPC experiments test data for 8.0bar IMEP has also been included in the 
comparison. The tests at the load of 8.0bar IMEP were also performed at a load of 50kPa 
and a commanded rail pressure of 950bar. It can be seen that a minimum EGR of 50% is 
required to meet the low NOx levels. Note that the EGR depends also on the load level of 
engine operation. For instance, an EGR of 50% represents a significant recirculation of 
exhaust at higher load levels. However, at low-load such as idling, even with 50%> EGR 
sufficient amounts of oxygen may be available at the intake. Therefore, to get a better 
appreciation all the NOx-EGR curves were translated to NOx-intake oxygen % basis. It 
can be readily seen that at a given boost of 50kPa the NOx-EGR collapsed to a single line 
on the NOx-intake oxygen basis (Figure 6-39). A minimum charge dilution of 14% was 
needed to reach low-levels of NOx. Note that for the experiments at 8.0 bar IMEP it was 
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Figure 6-39: Effect of intake oxygen concentration on soot-formation during EGR 
enabled EPC. 
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Figure 6-40: EGR-enabled EPC experiments at 8.0 bar IMEP. 
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EFFECT OF INJECTION PRESSURE 
Since, the Slope-2 was not attained at 8.bar IMEP it was decided to revisit the same load 
condition at higher injection pressure. The soot continued to increase with increasing 
EGR during the Slope-1 region of the soot-EGR curve. However, it was again not 
possible to go to the Slope-2 of the EGR-soot curve even with an EGR of 60%. At this 
level of EGR there was a substantial increase in CO (Figure 6-41). Therefore it was 
decided not to implement any further increase in EGR to attain EPC combustion at this 
boost. This time again at higher injection pressure it was not possible to attain the 
simultaneous low-NOx and low-soot combustion. 
Therefore, the EGR enabled EPC was attempted at a higher boost of lOOkPa and the 
higher injection pressure as shown in Figure 6-42. It was possible to obtain simultaneous 
low-NOx and low-soot combustion this time. Thus it can be seen that even though 
injection pressure had an effect on containing the peak soot of the soot-EGR curve, it was 
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Figure 6-42: Use of higher boost and higher injection pressure to reach EGR enabled 
EPC. 
6.1.7 Limitations of EGR enabled EPC 
In the EGR enabled EPC, the prolonged ignition delay was essential to obtain the time 
necessary for the preparation of the charge mixture with enhanced homogeneity. 
Prolonging the ignition delay meant that the combustion phasing was always postponed 
with EGR for a fixed commanded SOI. However, there are two aspects to combustion 
phasing; a) combustion stability and b) cycle thermal efficiency. As the combustion 
phasing was retarded from TDC, it progressively entered regions of high cycle-to-cycle 
to variation, with the combustion flame getting nearly extinguished in the limiting case 
(Figure 6-43). The relationship between the commanded SOI and the CA-50 is shown in 
Figure 6-44. It can be readily seen that the combustion phasing has a highly non-linear 
relationship with the commanded SOI towards retarded injection timings. Similarly, 
Figure 6-45 and Figure 6-46 show two cases where a change in SOI of 1.5°CA led to a 
significant change in combustion characteristics. Therefore, it was decided to implement 
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Figure 6-46: 200 consecutive pressure cycles showing the effect of SOI during EPC. 
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The second limitation of single-shot EPC was that, it could be applied only at low to mid 
load conditions. A typical commanded injection signal and the actual rate-of-injection for 
a similar solenoid based common-rail injector that has been provided by a powertrain 
research company are shown in Figure 6-47. It can be seen that the actual injection 
duration was longer than the commanded injection duration. This reduces the effective 
mixing duration which was available for the mixture preparation. At higher loads the 
ignition delay was typically shortened by the higher temperature of the EGR gas and 
while the injection duration was prolonged by the greater quantity of fuel injected. The 
net result was that, it was difficult to complete the injection of the entire fuel prior to the 
start of combustion, which is one of the necessary conditions for accomplishing premixed 
combustion. Therefore, for the EGR enabled EPC combustion at higher loads, the fuel 
delivery strategy needs to be modified by either using a high flow-rate injector or by 
using multiple injections. 
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Figure 6-47: Comparison of commanded injection signal and actual injection rate © IAV 
GmbH [62]. 
6.2 Adaptive Fuel Injection Control 
As shown before, very high amounts of EGR was required to implement EPC combustion, 
and at these high EGR values very high cycle-to-cycle variation was observed. In the 
limiting case, the combustion flame nearly got extinguished at very high levels of EGR. 
Therefore, adaptive fuel-injection techniques were used to anchor the cylinder pressure 
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characteristics in the desired crank angle window and thereby stabilize the engine 
operation. A cylinder pressure based control algorithm was developed and implemented 
in these investigations. To facilitate the control, the shape of the heat-release curve was 
termed as simplex combustion, compounded double hump or complex combustion. The 
simplex heat-release rate was typically observed when either the injection pressure was 
high or the fuel preparation was highly premixed. The compounded double hump 
combustion was commonly observed with split injection, while the complex combustion 
heat-release rate shape was observed at low-load, with late combustion phasing (Figure 
6-48). The crank angle for 50% heat-release, (CA-50%) of a simplex heat-release curve 
had shown close correlation with the cylinder pressure characteristics, crank angle for 
maximum rate of increase of pressure, (9(dp/de)max) (Figure 6-49). It was therefore 
considered sufficient to approximate the heat-release characteristics with the cylinder 
pressure characteristics therein. However, the tests also showed that an excessive 
postponing of the combustion phasing could convert the fast simplex combustion to 
slower combustion with a wide heat-release shape where the cylinder pressure lost the 
identifiable features of heat-release. Notwithstanding, for the present experiments the 
heat-release rate was approximated as the fast-simplex and the implementation of 
adaptive combustion control was able to largely retain the phasing of combustion and 
maintain the correlation features between heat-release and cylinder pressure 
characteristics. Beyond a simplex heat-release shape, the identification of the timing and 
shape of heat-release and the quality of combustion needs more sophisticated analyses 
and is being pursued as a new project of study in the lab. 
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The flow chart for the control algorithm is shown in Figure 6-50. In the current control 
strategy, the actual (0(dp/d6)max) was compared with the set-point value of the (9(dp/de)max) 
and if any error was observed, it was corrected by the change in the fuel-injection timing. 
The injection timing correction can then be implemented in either a fixed compensation 
or a dynamic compensation mode. In the fixed compensation mode the injection timing 
correction done in each cycle was constant, however in the dynamic compensation mode 
the injection timing correction done for each cycle was proportional to the difference 
between the actual and the commanded (9(dp/de)max)- For the tests described in the thesis, 
only the dynamic compensation mode was used. Furthermore, two methods of 
compensation, the fast method and the slow method, were compared were used for the 
test conditions. The fast and the slow-method refer to the amount of combustion phasing 
correction done every cycle. In the slow-method a combustion phasing correction of 
0.l°CA was implemented every cycle while, for the case fast-method, half of the total 
combustion phasing error was corrected every cycle. 
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Figure 6-50: The decision-making flowchart for the adaptive control strategies 
implemented in the tests. 
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86 
• Very high EGR condition 
• Enhanced premixed combustion with adaptive control 
• Transients in enhanced premixed combustion region 
6.2.1 Validation of adaptive control algorithm 
The first set of tests was performed at a fixed EGR and a fixed boost value and a load of 
7.8bar. At this condition, the closed-loop control was turned-on and the combustion 
synchronization process was compared for both the fast method and the slow method. 
The results of the slow method and the resulting combustion synchronization with the 
adaptive control are shown in Figure 6-51 and Figure 6-52. The adaptive fuel injection 
was turned-on at cycle 0 and the cylinder-pressure based control program was able to 
synchronize the combustion process so that the crank-angle position of the maximum rate 
of cylinder pressure increase, represented CA for (dP/dCA)max or 0(dP/de)max, converged to 
the desired value of 362°CA. A crank-angle resolution of 0.1 °CA was used for the 
decision making part in the FPGA. The similar combustion synchronization with the fast 
method is shown in Figure 6-53 and Figure 6-54. As the name suggests the fast method 
was quicker to reach the commanded value of 0(dP/de)max, but it was observed in the later 
part of the tests that it also resulted in over compensation. For the fast method the 
adaptive control was engaged only around the 100 cycle mark. A distinct step change can 
be seen in Figure 6-54 on the y-axis values at around the 100 cycle mark, where the 
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Figure 6-52: The effect of adaptive fuel injection control on transient 0(dp/de)max 
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6.2.2 Continuous change in EGR at constant boost 
The previous set of experiments showed that the cylinder-pressure based control program 
could transition the combustion phasing to the desired value at steady-state. The next step 
was to test the controls program for changes in EGR and boost that may be applied 
during the EPC experiments. The experiments were performed at a fixed engine speed, 
with a fixed boost and a load of 7.8bar IMEP. A step in EGR was implemented from 35 
to 61% and the response of both the slow and fast adaptive control was documented. The 
results for the slow method are shown from Figure 6-55 to Figure 6-57. It can be seen 
that the increasing EGR initially resulted in an increased ignition delay and a retardation 
of 9(dP/d9)max value. However, the control algorithm was able to advance the start of 
injection so that the 9(dP/de)max could be maintained at the desired location. In Figure 6-56 
every 5th cycle is plotted instead of all the 200 cycles to show the shifting in the start of 
injection clearly. The same test was repeated without any adaptive control. The slow 
adaption method has also been compared to the case of no adaptive control (Figure 6-57). 
It can be seen that for the case of adaptive control the cycle-to-cycle variation was 
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6.2.3 Continuous increase in boost at the same EGR valve setting 
The experiments were performed at a fixed engine speed, a fixed EGR valve setting, and 
a single injection of fixed quantity while the boost level was changed from 50 to 100 kPa. 
Similar tests were also performed where the boost was continuously decreased from 100 
to 50kPa. The boost changes were performed with the fast method, the slow method and 
without any adaptive control (Figure 6-58 to Figure 6-60). The increase in boost, led to a 
reduction in the ignition delay. This resulted in the advance of the start of combustion 
without any adaptive fuel injection control. However, in the presence of adaptive control 
the combustion phasing was kept at the desired value. 
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Figure 6-58: The effect of adaptive fuel injection control on the transient 9(dp/de)max with 
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Figure 6-69: The transient Pmax during continuous increase in boost levels. 
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6.2.4 Very high EGR condition 
Once the cylinder-pressure based control algorithm was validated for steady state, EGR 
and boost change experiments it was decided to implement the cylinder-pressure based 
control for the EGR enabled EPC experiments. In the EGR enabled EPC experiments 
were performed with a single injection strategy and the EGR was gradually increased in 
small steps from 40 to 66%. The comparison of NOx versus EGR with and without 
adaptive fuel injection control is shown Figure 6-61. The NOx was slightly higher with 
adaptive control initially, because the SOI was advanced with the closed-loop on 
combustion phasing. Without the adaptive control, at more than 65% EGR levels, the 
combustion process showed high cycle-to-cycle variations (Figure 6-62 and Figure 6-63). 
For some conditions the combustion flame was almost lost (Figure 6-63). For both the 
test conditions of Figure 6-62 and Figure 6-63, the desired engine operating point was 
reached with the adaptive fuel injection control turned-on and after a few cycles, the 
adaptive fuel injection control was turned-off, resulting in high cycle-to-cycle variation. 
The soot measurements for the tests are also shown in Figure 6-64. The results suggest 

















Single Injection: at 353 CA 
IMEP: 3.0-3.3 bar (low-load) 
• without adaptive control(low-load) 
• with adaptive control(low-load) 
Combustion 
unstable at this point without 
adaptive control 
C£Q . 
- 1 — 
45 





60 65 70 


















adaptwe control being turned-off at 
high EGR point (Case-1) 
< Pmax, with adaptive control 
< Pmax, without adaptive control 
^ - ^ - — _ 
330 360 390 420 
Crank Angle DegreefCA) 
450 
Figure 6-62: The cylinder pressure traces for 200 consecutive cycles with and without 
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Figure 6-63: The cylinder pressure traces for 200 consecutive cycles with and without 
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Figure 6-64: The soot comparison for tests with and without adaptive control. 
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6.2.5 EPC with adaptive control 
The EGR enabled EPC was implemented at a high load of 9.0bar IMEP with a boost 
pressure of 1.8bar (gage) and a single injection at 7°CA BTDC. Note, the SOI of 7°CA 
BTDC was the initial SOI which was subsequently corrected by the adaptive fuel-
injection control in the presence of EGR. The EGR value was again progressively 
increased till the combustion reached the regions of simultaneous low NOx and soot 
(Figure 6-65). The entire history of EGR and 9(dp/de)max during the transition to enhanced 
premixed combustion mode is shown in Figure 6-65. It can be seen that the adaptive fuel-
injection control successfully anchored the combustion phasing within a narrow-band in 
spite of the increase in EGR-ratio from 0 to 60%. The soot measurements unlike other 
emission measurements were performed at discrete points and therefore, showed a step-
wise pattern. The high levels of EGR was able to reduce the strength of EPC combustion 
as seen by the decreasing trend of (dP/dCA)max. (Figure 6-66) 
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Figure 6-66: The enhanced premixed combustion cycles (soot) enabled with adaptive 
control during the dynamometer tests. 
6.2.6 Transients in enhanced premixed combustion Region 
The transient engine operation in the EPC combustion still represents a significant 
challenge. This is because any change in the engine operating condition has a tremendous 
impact on the air-fuel ratio which ultimately affects the EPC operating condition. For 
instance, whenever the fueling is changed in response to a change in the desired power-
output, a counteraction in the temperature or local air-fuel ratio history is required to 
maintain the engine operation in the EPC region. Similarly, a change in the boost 
pressure during load change results in a change in the ignition delay which needs to be 
compensated to maintain the combustion within the EPC regime. The compensation to 
the temperature and air-fuel ratio history during the load and boost transients has been 
applied here by dynamically adjusting the injection timing and the results obtained during 
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Figure 6-67: Load and boost transient test region. 
Load transients (both load increase and decrease) were performed by changing the 
commanded fuel injection quantity during the engine operation in the enhanced premixed 
combustion mode (Figure 6-68 to Figure 6-70). The adaptive fuel injection control 
ensured that the engine combustion continued in the enhanced premixed combustion 
mode. The emission measurements during the transients showed also no significant 
increase in any of the measured parameters (Figure 6-71). As stated earlier the soot was 
measured only at discrete points whereas other emissions were recorded continuously. 
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Figure 6-71: Emission measurement history during load transients with adaptive fuel-
injection control. 
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Boost transients were performed in the low-temperature combustion mode with adaptive 
control (Figure 6-72-Figure 6-74). It was observed that during the boost transients the 
emissions did not increase significantly either with the adaptive control or without the 
adaptive control. However, the cycle-to-cycle variation was significantly higher without 
adaptive control (Figure 6-72). 
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Figure 6-74: Emission response during boost transients without adaptive fuel-injection 
control. 
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Actual engine transients involve a simultaneous change of multiple parameters. As a 
representation of multi-parameter transients, tests were performed when both the RPM 
and the boost were simultaneously varied. The cylinder pressure trends (Figure 6-75) 
showed that the adaptive fuel-injection control maintained the cylinder pressure 
characteristics around the desired value. However, the emission trends (Figure 6-76 and 
Figure 6-77) showed that the NOx emissions increased significantly because of the 
decrease in exhaust backpressure during transients, which lowered the EGR level. 
The next step therefore was to attempt to hold EGR back pressure constant during the 
transients. In this case the overall EGR value recovered quickly and the engine did not 
leave the low-temperature combustion region (Figure 6-78 and Figure 6-79). Thus a 
closed-loop EGR was essential to maintain the emissions in the enhanced premixed 
combustion mode during the combined RPM-boost transitions. 
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Figure 6-76: Emission response during boost and speed variations with adaptive fuel-
injection control (EGR upstream pressure not constant). 
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Figure 6-77: Emission response during boost and speed variations without adaptive fuel-
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In this chapter, it has been shown that either a lean-homogenous mixture or a weak-
homogenous mixture can be used to achieve simultaneous low-NOx and low-soot 
combustion. However, the method of using a lean-homogenous mixture for low 
emissions was applicable only at low-loads. For higher loads, it was found necessary to 
weaken the cylinder charge with the use of EGR. In the presence of EGR it was possible 
to implement the low-emission combustion with both single-shot EGR-enabled EPC and 
multiple-pulse EPC injection strategies. The advantage of the multiple-pulse EPC 
strategy was that, with this method it was possible to reduce HC as well. However, an 
important limitation of this method was that the combustion was no longer directly 
controlled by the injection process and was typically initiated before TDC. The initiation 
of the combustion before TDC led to an increased cycle work during the compression 
process. The use of EGR-enabled EPC with a single shot injection strategy for low-
emissions was able to retain the coupling between the injection and the combustion 
process; however this type of combustion suffered from high amounts of HC and CO. 
Cylinder pressure based control system was also found to be necessary to implement this 
type combustion. A brief summary of the EPC strategies has been provided in Table 6-3. 
Since, a considerable amount of data was now available for the EPC combustion, it was 
decided to compare the efficiency characteristics of the EPC combustion with the 
conventional combustion and the results are presented in the next chapter. 
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7 CYCLE T H E R M A L EFFICIENCY CHARACTERIZATION FOR 
EPC 
7.1 Efficiency Description 
In Chapter-VI, various methods of applying EPC strategies have been discussed to 
simultaneously reduce NOx and soot emissions. At this stage it was imperative to 
compare the engine-cycle efficiency for the conventional and the EPC combustion modes. 
For the case of an internal combustion engine, various efficiency descriptions such as 
mechanical efficiency, fuel conversion efficiency and combustion efficiency were 
available in the literature [4,63]. Therefore, as a first step it was essential to understand 
the description of each of these efficiency terms and then compare the efficiency terms 
for the conventional and the EPC combustion based on these definitions. To facilitate the 
understanding of each of the terms, an energy flow diagram was prepared which shows 
the relative location of each of the efficiency term during the entire fuel conversion 
process (Figure 7-1). 
a) Combustion efficiency: Combustion efficiency was the fraction of the fuel energy that 
was the released during the combustion process. This term was primarily used to account 
for the incomplete products of combustion in the exhaust. The typical products of 
incomplete combustion are CO, HC, soot and very small fraction of hydrogen. For the 
present research only the CO and HC were considered. The very low soot during the EPC 
combustion meant that the soot was not a significant factor for energy efficiency 
considerations. The test data discussed in the literature has shown that the hydrogen 
production becomes a significant contributor to incomplete combustion only when the 
engine was running under rich combustion mode [4]. Since, all the EPC experiments had 
the engine running under lean combustion mode; provision for hydrogen measurement 
was not included in the research set-up. An additional source of decrease in combustion 
efficiency was observed to be oil dilution with the fuel condensate. During the EPC 
combustion experiments it was observed that the engine oil was increased during the 
engine operations. This is in direct contrast to the convention combustion diesel engine 
109 
operation wherein the engine oil level decreases slightly with long running periods. The 
problem of oil dilution was more pronounced when the injection timings were very 
advanced as in the case multi-pulse EPC experiments. Similar results have been reported 
by other authors as well [64]. The problem of combustion efficiency loss due to fuel 
condensation and subsequent mixing with the oil was accentuated by the fact that the 
quantity of the fuel lost this way was hard to quantify. More efforts are currently in 
progress at the Clean Diesel Laboratory to understand and quantify this phenomenon. For 
the present work the combustion efficiency decrease due to fuel condensation has been 
highlighted for completeness but no attempt was made to quantify the process. 




[HR{TA)-HP(TA)]=m X "Mh~ I>
A / ? ; , 
\i,reactants i,products , 
here 
m = mass that passes through the control volume surrounding the engine. It includes both 
the fuel and the air. 
nl = the number of moles of species i in the reactants or products per unit mass of the 
working fluid. 
Ah°, = standard enthalpy of formation of species i at ambient temperature TA. 
mfQHV = amount of fuel energy supplied. 
An alternative expression for combustion efficiency is given by (7.2). In this expression 
the chemical energy carried out of the engine by the combustibles is considered as a 
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representative of the combustion inefficiency [4]. As mentioned before only the 
combustibles in the form of CO and HC were considered while the chemical energy 
carried by the soot and hydrogen was ignored. 
1c=l-T7-ir. r ^ t T - (7-2) 
lmf/(ma+mf)\)h 
where, x, are the mass fractions of CO and HC respectively. QHy are the lower heating 
value for these species. The heating value of CO was considered as 10.1 MJ/kg and 
heating value of HC was considered the same as the diesel fuel and a value of 42.9 MJ/kg 
was used for the analysis. 
b) Fuel conversion efficiency: The fuel conversion efficiency was defined as the ratio of 
the work produced per cycle to the amount of the fuel energy supplied per cycle that can 
be released in the combustion process. This efficiency was also called cycle thermal 





mf = mass of fuel inducted per cycle 
720 
Wc = jPdV (7.4) 
0 
For the present work only the net IMEP was considered. The difference between the 
gross IMEP and the net IMEP was not very significant because the exhaust pressure was 
only a few kilo-Pascal's higher than the intake pressure. In addition, in this thesis the 
indicated efficiency has been decomposed into phasing efficiency and shaping efficiency 
as shown later in this chapter. 
I l l 
c) Mechanical efficiency: The ratio of the brake power delivered by the engine to the 
indicated power was called the mechanical efficiency. Mathematically it was given as 
r?m=y~ (7-5) 
where, Pb = brake power 
Plg = indicated power 
For the single cylinder research typically mechanical efficiency is not used for analysis, 
since the several of the accessories such as the coolant, oil and the boost system were not 
driven directly by the engine. 
For the present analysis, a comparison of only indicated thermal efficiency and the 
combustion efficiency has been presented for the cases of EPC and conventional 
combustion. The accessory work was kept constant for the comparison points by keeping 
the coolant and oil temperatures the same. Also the boost was kept the same which 
ensured that the power consumption of the compressor was similar for test-points 
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Figure 7-1: Energy flow-diagram for a diesel engine based on [63] 
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7.2 Factors Effecting Cycle Thermal Efficiency for EPC Combustion 
A comparison of the major emission and the heat-release rate characteristics for the EPC 
and conventional combustion mode is presented in Figure 7-2. For the conventional 
combustion, the combustion phasing was configured at phasing window for best-
efficiency. This phasing window for best efficiency was experimentally determined for 
and the same was observed in the modeling results also. For these experiments no 
emission control measure such as EGR was not applied, which resulted in high 
combustion efficiency. Thus, a combination of high combustion efficiency and a good 
phasing ensured that the indicated efficiency was 48%. Also included in this plot are the 
results of multi-pulse EPC and EGR-enabled EPC experiments. The multi-pulse EPC has 
slightly lower combustion efficiency which was primarily caused by the large amounts of 
CO. For the majority of the multi-pulse EPC results the HC was not a significant factor 
for efficiency reduction because of the implementation of an appropriate selection of 
injection strategy as detailed in Figure 6-13. However, since the combustion was initiated 
early during the compression stroke it resulted in a higher amount of compression work 
that ultimately affected the indicated efficiency. Additionally, since very early injection 
timings were implemented, oil-dilution by fuel was also observed. For the case of single-
shot EGR enabled EPC, the high levels of EGR resulted in a significant drain of the fuel 
energy to the exhaust in the form of HC and CO. As shown in the figure the combustion 
efficiency for the EGR enabled EPC had decreased to 96% and an indicated efficiency of 
only 35% was observed. Thus it can be clearly seen that the major reasons for efficiency 
penalty for the EPC cycles were: 1) high-levels of high CO and HC 2) off-phasing of 
combustion event and 3) fuel-condensation. 
Figure 7-3 shows the comparison between the typical case of conventional combustion 
with limited emission control, multi-pulse EPC and EGR-enabled EPC. Instead, of 
considering single case discretely it was decided to plot the effect of EGR sweep during 
multiple EPC experiments, conventional combustion and simulation results collectively 
(Figure 7-3) and it can be seen that the comparison showed that the indicated-efficiency 
for the EPC cycles was significantly lower than the conventional combustion. 
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Figure 7-2: Comparison for heat-release rates for EPC and conventional combustion 
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Figure 7-3: Comparison of the fuel-efficiency for different type of EPC combustion 
strategies with conventional combustion. 
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Another aspect noticeable on the heat-release rate for the multi-pulse EPC was the 
reduction in the combustion duration in comparison to the conventional combustion. The 
reduction in the combustion duration has been noticed by other researchers also and a 
near-constant volume combustion at TDC has been attributed as a factor that influences 
thermal efficiency [30,34,63]. Therefore, for the multi-pulse EPC cycles the combustion 
phasing had a detrimental effect on the cycle efficiency while the shortened combustion 
duration was supposed to enhance the cycle efficiency. 
As a first step the effect of combustion duration and combustion phasing alone was 
numerically investigated (Figure 7-4 and Figure 7-5) using in-house engine simulation 
software SAES [52]. The combustion phasing was represented by crank angle for 50% 
mass-fraction of fuel burnt or CA-50. For the SAES program, a heat-release rate similar 
to the one observed during the experiments was used as a user input and assuming 100% 
of the fuel was burnt, the cylinder-pressure was computed for the user specified heat-
release rate. A new form of representation that clearly details the effect combustion 
phasing and duration on cycle thermal efficiency has been given by Yuyu and Zheng 
[44,45] in the form of contour plots. A similar representation has been adopted in this 
thesis also (Figure 7-5). It can be seen that the combustion phasing had a strong effect on 
the indicated efficiency that peaked at a heat-release position of 5~7°CA after TDC. The 
maximum rate-of-pressure rise (dp/d0)max increased as the combustion-phasing or the 
CA50 advanced and heat-release duration shortened and reached its peak at 10°CA 
BTDC (Figure 7-6 and Figure 7-7). In general, a short and advanced heat-release rate 
such as the one shown in Figure 7-2 for multi-pulse EPC suffered not only from lower 
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Figure 7-4: Heat-release rates used as input conditions for examining the effect of 
combustion phasing and duration on cycle thermal efficiency. 
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Figure 7-6: Effect of combustion phasing and combustion duration on rate-of-pressure 
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Figure 7-7: Effect of combustion phasing and combustion duration on maximum in-
cylinder pressure simulated using SAES. 
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7.3 Equivalence between the Thermal Conversion Efficiency and CO, HC 
Emissions 
In Figure 7-8, a multiple-pulse EPC experiments have been presented at two different 
levels of EGR. In this experiment, the EGR was increased from 58% to 63 % and better 
combustion phasing was obtained. As per the discussion presented in Section 7.2 a better 
combustion phasing should have translated into a better indicated thermal efficiency, 
however no change in work done per cycle or the IMEP was observed. A critical 
examination of the other emission characteristics revealed that with the higher application 
of EGR, there was deterioration in the combustion efficiency as reflected by the higher 
amounts of CO and HC. Thus, the potential benefit in indicated thermal efficiency by the 
application of EGR was negated by the loss in combustion efficiency. The effect of 
combustion efficiency on the overall indicated efficiency was analyzed in detail by using 
the classical approach detailed in the literature and following efficiency terms were used 
for the analysis [4]. 
Combustion efficiency (TJC): It was defined as the fraction of the fuel energy that was 
released in the combustion process and was described by Equation (7.2) shown 
previously. 
Indicated efficiency or the fuel conversion efficiency (nf): This is the ratio of the work 
produced per cycle to the amount of the fuel energy per cycle that can be released during 
the combustion process. This term is typically given by Equation (7.3), an additional 
expression that was found in the literature was Equation (7.6) 
/f sfc{glkW.h)QHV{MJIkg) 
Thermal conversion efficiency (rjt): This term was used to separate out the effects of 
incomplete combustion and was defined as the ratio of the actual work per cycle to the 
amount of the fuel chemical energy released in the combustion process. This term was 




It can be readily seen that all the efficiencies mentioned above are related as follows 
Vf = VcVt (7-8) 
As shown in Figure 7-8, for points A and point A' both the points had the same IMEP 
and a constant fueling per cycle (m f). Therefore, 
where subscripts A and A' denotes that the data is for points A and A' respectively. 
%,AV,,A = nc,A'V,,A' (7-9) 
nc,A' Tit ,A 
Vc,A V,,A' 
(7.10) 
1 _ ^ 1 = 1_^A (7.11) 
Vc.A V.A-
^k = -^L (7.12) 
Vc.A ",,A 
ATJC% = -AT],% (7.13) 
Thus if there is a 1% increase in rjt, and there is a 1% decrease in 7cthen the nf would 
remain constant. The values of T]c, rjt and rjf was computed for experimental results 
shown in Figure 7-8 and the results are shown in Table 7-1. It can be seen that the 
Equation (7.13) was closely valid for the experimental data as well. Therefore it can be 
seen that for the experiment the gain indicated efficiency due to the better phasing was 
nullified by the deterioration in the combustion efficiency. 
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Figure 7-8: Effect of EGR on combustion phasing, CO and HC emissions 
A concept of equivalent emission has been proposed wherein the change in indicated 
thermal efficiency was converted to an equivalent CO or HC emissions. This part was 
done primarily to decide when to apply the EGR to improve the combustion-phasing. 
Therefore, if the engine is presently operating with a combustion phasing at A (Figure 
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7-8) and if we apply EGR to improve the combustion phasing to point A' then this 
improved indicated phasing efficiency can be converted to an equivalent CO or HC 
emissions. Thus, if the actual increase in CO was less than the equivalent increase in CO, 
then at that point it might be beneficial to apply EGR to obtain better combustion phasing 
and thereby try to attain higher indicated efficiency. For establishing the equivalent CO, 
Figure 7-5 was used and the change in efficiency with combustion phasing was treated as 
Arjt and then Equation (7.2) and Equation (7.13) were used to estimate the equivalent 
CO or HC. At the time of estimation it was assumed that all the un-burnt combustibles 
can be treated either as CO or HC only. From Figure 7-9 it can be seen that seen that a 
10°CA departure in combustion phasing from the best phasing was equivalent to a CO of 
-9500 ppm or a HC of 4500ppm. 
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Figure 7-9: Equivalence between efficiency loss due to emissions and combustion 
phasing. 
To evaluate the relative contribution of each of major factors affecting the cycle 
efficiency a new-methodology has been proposed. In this approach an effort was made to 
account for the major factors effecting cycle thermal efficiency directly into a single 
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equation. Furthermore, the thermal efficiency term was decomposed into shaping and 
phasing efficiency so that the indicated efficiency would have terms to account for the 
changes in heat-release rate profiles directly. Therefore, an attempt was made to develop 
an equation that considered explicitly the terms for combustion efficiency and heat-
release rate characteristics. The procedure to develop the equation is shown below. 
For the fuel injected into the engine cylinder mf [g/s], the majority of the fuel normally 
completes combustion rhb [g/s], while a small portion of fuel, i.e. the fuel loss 
ml =\rhf -wib), fails to release energy or to release energy fully in the cylinder. The 
combustion or burning efficiency is thus defined as: 
Xb=^- (7-14) 
mf 
Modern HTC diesel engines may have a burning efficiency exceeding 99.5%. However, 
as strict in-cylinder NOx control techniques were implemented by techniques such as the 
EGR, the flame temperature reduces and the exhaust HC and CO rise. The fuel energy 
loss ml was evaluated herein, with the exhaust HC counted to have the same LHV and 
hydrogen/carbon ratio as diesel fuel; the LHV of CO is counted as (10.1/42.9) of diesel. 
The energy content of the soot in the exhaust has been ignored. 
Next the term of phasing efficiency was introduced to account for the departure in 
combustion-phasing for the phasing for best-efficiency. This was primarily helpful to 
explain combustion such as the multi-pulse EPC which had a tendency to ignite before 
TDC. The effect of the heat-release phasing was given by_£p, and was defined as the 
ratio of the actual indicated cycle thermal efficiency to maximum efficiency obtained for 
the same heat-release rate at the phasing for the best efficiency. The phasing efficiency 




In the above equation, 77 is the actual cycle thermal efficiency when the phase of heat-
release is offset from the timing of maximum efficiency TJ pmax, while the heat-release for 
both TJ and Tjpmm are fixed to the same shape. According to previous modeling analyses, a 
combustion-phasing of approximately 5°CA ATDC provided phasing for best efficiency 
irrespective of a variety of engine operating parameters [44,45]. In practical engine 
operations, the phasing efficiency may vary from 90-100% when the CA50 retards from 
12°CA BTDC to 5°CA ATDC. 
The effect of the heat-release shaping on the efficiency was given by %s, which was 
defined as the ratio of actual cycle thermal efficiency with the when the shape and 
duration of the heat-release differs from those from those of the maximum efficiency to 
the maximum efficiency, while the phasing for both the cases was affixed to the peak 
thermal efficiency. This was evaluated using Equation (7.16) shown below: 
Xs=Jh- (7-16) 
Is max 
In the above equation, rjs is the actual cycle thermal efficiency when the shape and 
duration of heat-release differs from those of maximum efficiency rjsmax , while the 
phasing of heat-release as mentioned before was affixed to the peak thermal efficiency. In 
practice, the shaping efficiency may vary from 96-100% when the apparent heat-release 
duration shortens from 60°CA to 5°CA for a simplex shape of heat-release; or vary from 
98-100%) when the shape of heat-release swaps among simplex, double hump, and 
complex [44,45] 
The value of Xb •> XP
 a nd Xs aU n a v e proportional relationship with the engine cycle 
efficiency. In order to evaluate the impacts of the burning, phasing, and shaping 
efficiencies systematically, an overall combustion coefficient was defined: 
/L c /C b 'si p '/C s 
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An EGR enabled EPC experiment is taken as a representative case to evaluate the effect 
of the above mentioned efficiency terms. The EPC combustion was implemented with a 
single-shot injection strategy (close to TDC) with EGR. The tests were performed at an 
IMEP of 8.2bar. The boost pressure was selected as lOOkPa and the commanded rail-
pressure was 1200bar. The EGR was gradually increased till the combustion showed the 
simultaneous low-NOx and low-soot characteristics (Figure 7-10). 
Under such testing conditions, an insignificant amount of soot was formed for EGR less 
than 40%> and after 40% EGR the soot production increased rapidly reaching its peak 
value near 60%> EGR. The NOx decreased continuously with EGR. After 55% EGR the 
NOx was very low and was not influenced by further increase in EGR. The IMEP penalty 
incurred with the heavy uses of EGR when a single-shot injection strategy was applied to 
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The effects of EGR on combustion phasing, combustion duration and combustion in-
efficiency are shown in Figure 7-12 and Figure 7-13. The increases in EGR widened the 
combustion duration from 30°CA to 40°CA. Concurrently, the combustion phasing was 
postponed from a CA-50 of 364°CA to 369°CA. To partially counter the fuel efficiency 
reduction, the commanded start of injection (SOI) had to be advanced from around 
354°CA to 350°CA to avoid the engine operation in the regions of high cycle-to-cycle 
variation. The affect of EGR on combustion efficiency in terms of increased CO and HC 
is shown in Figure 7-13. Although the exhaust CO increased substantially as EGR 
increased to above 40%), the abrupt increase in exhaust HC did not occur until the in-
cylinder combustion entered the regions of EPC, referring to Figure 7-13. In addition, the 
indicated CO was converted to effective CO which was obtained by multiplying 
(10.1/42.9) to the indicated CO in g/kW-hr. Figure 7-14 shows the differences in heat-
release characteristics for the conventional and EPC combustion. For the EPC 
combustion, the combustion phasing was postponed from 364°CA to 369°CA, the 
combustion duration increased from 30°CA to 36°CA and the combustion efficiency 
dropped to 96.4%> due to high CO and un-burnt HC. In the following paragraphs the 
effect of each of the factors (phasing, duration/shaping and combustion efficiency) was 
evaluated using in-house engine cycle simulation software SAES [52]. 
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Figure 7-12: Effect of EGR on combustion phasing and duration during the 
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Figure 7-14: Heat-release rate characteristics for the conventional and EPC heat-release 
rate. 
Effect of combustion phasing: Engine cycle simulations were performed in which the 
conventional heat-release rate was specified as an input and the IMEP was evaluated at 
the combustion phasing of 364°CA and 369°CA was evaluated. From the simulations it 
can be seen that because of the change in combustion phasing, an IMEP penalty of only 
O.lbar was incurred (Figure 7-15). In a simplified way phasing efficiency for EPC was 
8.1 
calculated as % = 
8.2 
0.99. 
Effect of combustion shaping and duration: For this simulation run, the cycle simulations 
were performed once with the conventional heat-release rate as the input and the next 
time with the EPC heat-release rate was used as the input. For both the simulations the 
intake-charge composition was kept constant at 28% EGR, and the combustion-efficiency 
of 99.94% was assumed. This ensured that the cycle thermal efficiency was affected only 
by change in shaping and combustion duration. The simulations results suggested that 
with an EPC heat-release-shape incurred very little IMEP penalty (Figure 7-16). In a 
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Effect of combustion efficiency: For estimating the effect of combustion efficiency with 
EPC heat-release rates, experimental results were used. Based on the two previous 
simulation results (Figure 7-14 and Figure 7-15) and the experimental results (Figure 
7-14) it can be concluded that the IMEP change from 8.1bar to 6.5bar was largely due to 
combustion inefficiency. In a simplified way burning efficiency for EPC combustion was 
calculated as %b = ——0.8. Finally, the efforts were made to improve the efficiency of 
8.2 
the EPC cycles (Figure 7-17). For the present case only combustion phase penalty was 
found to be recoverable. When the combustion phasing was brought back to 365°CA the 
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Figure 7-15: Effect of combustion-phasing on IMEP for analyzing the cycle 
























Effect of combustion phasing on IMEP 
IMEP(CA50@364)=8.2 bar 
IMEP(CA50@369,with EPC combustion shape)=8.1 bar 
Cylinder charge composition at IVC 
corresponded to an EGR of 28% 
330 
- Conventional with CA-50=364CA 
-•EPC combustion shaping (with no 
CO+HC) 
Conventional combustion shaping CA-50=364CA 
EPC combustion shaping CA-50=369 CA 
360 390 
Crank Angle Degree (°CA) 
420 
Figure 7-16: Effect of combustion shaping on IMEP for analyzing the cycle inefficiencies 
of Figure 7-14. 
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Figure 7-17: EPC cycle efficiency improvement by combustion phasing optimization. 
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CHAPTER VIII 
8 ANALYSIS OF MODELING RESULTS 
8.1 CHEMKIN Simulation for Deciding EPC Boundary Conditions 
The combustion of a lean homogeneous air/fuel mixture in the cylinder of a diesel engine 
has shown to result in simultaneous low-NOx and low-soot emissions. This type of 
combustion has been called by different names such as HCCI, or ATAC or multi-pulse 
EPC type of combustion. A major disadvantage of this type of combustion was the lack 
of combustion phasing control directly by fuel-injection scheduling. The combustion-
phasing control was governed by the chemical kinetics and was implemented indirectly 
by modulating the in-cylinder temperature history or in-cylinder equivalence ratio history. 
Also shortened combustion duration resulted in a rapid in-cylinder pressure rise. The 
problem of rapid pressure-rise was accentuated, if the combustion is initiated before TDC. 
In this section, as a first-step a comparison was made between the experimental start-of-
combustion and a purely chemical-kinetics based combustion-phasing prediction using 
CHEMKIN-III. The CHEMKIN simulations treat the in-cylinder charge as a single-zone 
model with uniform composition and thermodynamic properties. This type of a single 
zone analysis has shown to predict the start of combustion with reasonable accuracy and 
has been used extensively in parametric studies to understand the effects of boundary 
conditions such as EGR, compression ratio, equivalence ratio by other researchers also 
[64,66,67]. Since all the cylinder charge ignites nearly instantaneously at the ignition 
temperature, the single zone model under-predicts the burn duration, and over-predicts 
peak cylinder pressure, the rate-of change of pressure and NOx emissions. The 
comparison of combustion-phasing prediction based on chemical kinetics for the low-
load and high-load multi-pulse EPC strategies are shown in Figure 8-1 and Figure 8-2. 
The combustion phasing guidelines have been presented in this section for the EPC 
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Figure 8-1: Comparison of experimental and chemical kinetics based combustion phasing 
predictions for EPC combustion with multiple-early injections at low load. 
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Figure 8-2: Comparison of experimental and chemical kinetics based combustion phasing 
predictions for EPC combustion with multiple-early injections at high load. 
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It can be seen that at both low-loads and high-loads, a purely chemical kinetics based 
combustion phasing combustion prediction show acceptable comparison with the 
experimental results. Note that these combustion predictions are valid only for EPC 
combustion with multi-pulse early injections where a homogenous cylinder charge was 
prepared before the combustion process. Both the EPC experimental results at low-load 
and the high-loads EPC showed very low soot suggesting that the cylinder-charge 
mixture was close to homogenous conditions before the combustion was initiated. 
Thus it can be seen that the combustion-phasing for the multi-pulse EPC could be 
estimated by a purely kinetics based model. The two main inputs to the kinetics model 
were the temperature and the charge composition at the intake valve close (IVC). From 
an engine perspective the chemical composition at the IVC was decided by the boost and 
the EGR modulation for that load condition. The temperature at the IVC was decided 
based on the ambient temperature and the EGR temperature. So for any engine operating 
condition a desired combustion phasing was decided by the boost, EGR and the intake 














Chemical kinetics process 
decides the reaction initiation or 
combustion phasing 
Figure 8-3: Relationship between the engine boundary conditions and the combustion 
phasing requirements for the multi-pulse EPC combustion strategy. 
The boost and the EGR requirements were expressed by using two different air-fuel ratio 
quantities X and X0. X represents the actual air-fuel ratio including the effect of EGR 
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and was calculated as the (mass-of-fresh-air/mass-of-fuel). X0 represents the air-fuel if 
there was no EGR at the same boost. If the quantity of the oxygen coming back with the 
EGR is ignored, then 
(l-EGR) 
An advantage of the approach is that XQ was related with the boost requirement while the 
X, was related to the combined boost and EGR requirement. So as a first step the effect 
of XQ and Tmtake was investigated on combustion phasing with the assumption of zero 
EGR (Figure 8-4). From the combustion phasing point of view, this figure suggests that a 
lower XQ has a better combustion phasing. 
Figure 8-4: Contour plots for the start of combustion as function of overall global 
equivalence ratio and T,ntake-
One explanation that has been provided in the literature is that the polytropic-index of 
compression decreases as we go down in air-fuel ratio [64]. Therefore as the polytropic 
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index decreases the cylinder charge has to be compressed more to reach the cool-flame 
initiation temperature (Figure 8-5). However, this observation needs to be considered 
along with the Figure 3-1, which requires that a minimum homogeneity of XQ equal to 2.5 
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Figure 8-5: Polytropic index as a function of local lambda and intake temperature. 
For a XQ of 2.5 to 3 the combustion was typically initiated before the TDC as can be seen 
by the simulations and the experimental results shown earlier (Figure 6-5). Therefore, the 
effect of EGR as a combustion phasing modulating tool was numerically investigated 
next. The addition of EGR increases the specific heat and reduces the y of the mixture, 
and these effects tend to delay the combustion process. Figure 8-6 shows clearly that for 
the combustion phasing close to TDC, large amounts of cooled EGR was required. The 
simulations have been restricted to 55% EGR since a simultaneously high boost and EGR 
is still a challenging requirement for the modern diesel engine [22]. A contour plot shown 
in Figure 8-6 provides the Tjntake and the EGR values for the desired combustion phasing 
at a given compression ratio and intake valve closing. It should also be noted that in the 
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presence of EGR, both the intake temperature and the EGR are coupled. The EGR-intake 
temperature relationship for the single-shot experiments with increasing EGR at a load of 
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Figure 8-7: Relationship between the intake temperature and the EGR-rates during a 
typical EGR-sweep. 
Therefore, based on the above analysis it was possible to estimate the boundary 
conditions necessary for the desired combustion phasing. The above guidelines were 
applied to the case of increasing load at a fixed rpm. This was important, because as the 
load increased at a fixed combustion phasing the rate-of-pressure increases, which 
manifests itself in the combustion noise. For a modem diesel engine a maximum-rate of 
pressure rise greater than 10-12 bar/degree is considered un-acceptable from the point of 
view of combustion noise. IMEP was considered as a representative of load and 
simulations were performed at 4, 6, 8, 10 and 12bar IMEP to study the effect of 
increasing load on combustion noise. For all these cases the equivalence and EGR ratio 
was kept fixed at XQ of 3.0 and 55% respectively. 
First CHEMKIN simulations were performed to estimate the start-of-combustion and 
then this start-of-combustion and a simplified heat-release rate for multi-pulse EPC such 
as the one shown in Figure 7-4 was used as the input for the SAES simulation. This step 
helped to combine the advantages of both CHEMKIN and SAES. Now the combustion 
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phasing was decided by the kinetic process while the pressure was calculated based on an 
experimental heat-release rate. As the load is increased at a fixed XQ , both the desired 
boost and the fueling requirement increase. This increases the maximum cylinder 
pressure (Pmax) and rate-of-pressure rise (dp/d0)max as shown in Figure 8-8, Figure 8-9, 
and Figure 8-10. It can be seen from Figure 8-10 that at higher loads of lObar and 12 bar 
IMEP the maximum rate-of-pressure rise was more than the desired value of 10-12 
bar/degree. Therefore, even though the EGR helped to retain the combustion phasing, 
further temperature modulation was required to limit the maximum rate-of-pressure rise. 
For this simulation study, temperature modulation by the use of lower compression ratio 
was then investigated. The start of combustion contours were calculated at new reduced 
compression ratio of 12 and the same boundary conditions of Xo and EGR. The 
assumption of lower compression ratio helps to postpone the combustion closer towards 
TDC for the same Tintake and EGR as the base compression ratio (Figure 8-11). 
Postponing the combustion-phasing closer towards the TDC helped to reduce the 
maximum rate of pressure-rise at high loads (Figure 8-12 and Figure 8-13). 
Thus it can be seen that a systematic approach can be adopted to select the boost, EGR 
ratio and intake temperature for a given load to implement the multi-pulse EPC type of 
combustion at the desired combustion-phasing. The kinetics simulations were also able to 
identify the conditions where additional enablers such as variable-valve timing or 
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Figure 8-8: Increase in Pmax and maximum rate-of-pressure rise with increasing load for 
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Figure 8-10: Increase in rate-of-increase of pressure with increasing load for a fixed 
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Figure 8-12: Increase in Pmax and maximum rate-of-pressure rise with increasing load 
for a fixed combustion phasing and fixed EGR. 
40-i 
g 35 H A0~3 
co CD 3 0 - Increasing load 


















Engine Speed 1200 rpm 
CR 10 and 12 
EGR Ratio 55% 
phasing 
Maximum rate-of-pressure 






IMEP=12bar at baseline compression ratio 
IMEP=10barat baseline compression ratio 
/ i IMEP=12bar at reduced compression ratio 
\ IMEP=10bar at reduced compression ratio 
y 
360 s i l f l g ; ^ 350 
Crank Angle Degree (°CA) 
Figure 8-13: Decrease in rate-of-increase of pressure with the lowering in compression 
ratio. 
142 
8.2 Simulation Studies for EPC Combustion with EGR Fuel Reforming 
Diesel exhaust temperatures normally range from 120°C to 720°C for non-turbocharged 
systems and 100°C to 600°C for turbocharged systems. The exhaust oxygen 
concentration usually ranges from about 19% to 4% for naturally aspirated engines and 
19% to 7% for turbocharged engines; depending on the load conditions (Figure 8-14). 
Because of the significant amounts of surplus oxygen in the exhaust, a method was 
considered here to suppress soot production with the production of reformed gases in the 
EGR loop. The method also allows using the heat of the exhaust gases. In comparison, 
exhausts from stoichiometric combustion engines are not suitable for fuel reforming 
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Figure 8-14: Exhaust temperature and exhaust oxygen concentrations during typical EPC 
running operation. 
A schematic of the conceptual EGR reformer is shown in Figure 8-15. The conceptual 
EGR reformer allows generation of gaseous fuels; hydrogen (H2) and carbon-monoxide 
(CO) in the EGR loop with the reforming of a controlled amount of diesel fuel in the 
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EGR loop. The H2 and CO produced in the EGR reformer can enhance the in-cylinder 
premixed combustion and thereby reduce the soot formation. 
Fresh 
Air + EGR 
+ gaseous fuel 
at the inlet 
Figure 8-15: Conceptual layout of EGR reformer. 
The concept of EGR reformer was investigated numerically by CHEMKIN modeling. 
Based on this modeling work, the boundary conditions for the operating the EGR 
reformer were formulated. This concept tries to utilize the heat of the exhaust; therefore 
an attempt has been made to estimate the reformer efficiency improvement by placing the 
reformer in the exhaust loop instead of placing it the intake loop. 
Determination of boundary conditions: The important boundary conditions that need to 
be determined for the EGR reformer are the air-fuel ratio, temperature and the pressure 
of the EGR reformer. The first step was to estimate the hydrogen production as a function 
of air-fuel ratio, at a fixed temperature and pressure (Figure 8-16). The simulation studies 
indicated that increasing amounts of hydrogen was produced as the reformer's operating 
lambda was shifted towards the richer side of stoichiometry in the simulations. For these 
simulations, n-heptane was used as a representative of diesel fuel and the hydrogen 
productions estimations are based on equilibrium assumption. The hydrogen production 
peaked for a lambda of approximately 0.35 and beyond that the hydrogen production 
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decreased again. The production of other gaseous component CO, also showed a similar 
increase in production rates as the reformer lambda was shifted towards richer operating 
regions. The CO production showed an increasing trend up to a lambda of 0.2. Note that 
it is usually not preferred to run such low lambda values because of the fuel may undergo 
pyrolysis and result in fouling of the catalyst [68-70]. The sensitivity of hydrogen 
production towards temperature has been shown in Figure 8-17 and it can be seen that a 
minimum reformer temperature of 800-900K was needed for hydrogen production. Note 
that these temperature estimates are based on reactions in the absence of the catalyst; 
therefore in the presence of the catalyst the reactions temperatures would be significantly 
lower. Based on these simulations a reformer air-fuel ratio of 0.6 and a reformer 
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Figure 8-17: Sensitivity of temperature towards hydrogen production. 
The next analysis was to estimate the efficiency benefit of using the reformer in the 
exhaust loop instead of the intake loop, to utilize the heat of the exhaust (Figure 8-18). To 
facilitate the efficiency analysis for the various operating conditions of the EGR reformer, 
the concept of adiabatic reformer energy retention efficiency was introduced and was 
defined as the amount of energy of the gaseous fuel divided by the sum of the energy of 
the reforming diesel added and the external heating. Therefore, the adiabatic EGR 
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Based on the above definition, by placing the reformer in the exhaust loop, the thermal 
energy carried in the exhaust gases could be utilized and leads to the reformer efficiency 
improvements (Table 8-1). 
146 















Heated Air U l f e l 
Exhaust 
Exhaust 
Figure 8-18: Fuel reformer in intake and exhaust loop. 
Based on this calculated EGR-reformer efficiency, an overall-energy efficiency analysis 
was performed for the combined engine and the EGR-reformer system. The use of 
hydrogen has been reported to improve the brake thermal efficiency due to enhanced 
rates of combustion. For the present work, assumptions were made based on the results 
obtained by previous researchers and a linear relationship has been observed between the 
mass fraction of PL; used as fuel and the improvement in brake thermal efficiency [71,72]. 
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For the initial analysis the effect of CO has been ignored. Four different cases have been 
assumed for the simulations: 
Case A: No improvement in thermal efficiency of the engine due to Hi addition 
Case B: For every 1% thermal energy contributed from Hi, there is 1% improvement in 
the thermal efficiency of the engine. 
Case C: For every 1% thermal energy contributed from Hi; there is 0.5% improvement in 
the thermal efficiency of the engine. 
Case D: There is a decrease in brake thermal efficiency due to the Hi addition. 
Table 8-2: Assumption values with linear brake thermal efficiency improvement 
Gaseous fuel energy 












































If tj nal is the original brake thermal efficiency and rjnew is the new assumed brake 
thermal efficiency of the engine with Hi addition, then the efficiency of the EGR 
reformer system can be written as 
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_ tfnew X mfQlHV _ diesel 
I new _ overall I . . \f^\ 
\mf reformer + mf,engine filtHV diesel 
The overall efficiency based on above equation and Table 8-2 is given in Table 5. For 
these computations the EGR reformer efficiency of 0.4 was used. It can be seen that a 
small amount of Hi (1-2%) can be added without a significant energy penalty if there is 
little or no change in brake thermal efficiency. 
Table 8-3: Calculated overall efficiency accounting for the effect of hydrogen production 
on the overall brake-thermal efficiency. 













































8.3 Multi-Dimensional Modeling 
The three-dimensional KIVA (version KIVA3V) code has been used to understand the 
combustion process for the conventional and EPC combustion modes. The KIVA code 
included detailed sub-models to describe each of the important factors influencing the 
diesel combustion such as the sub-models for atomization, drop distortion, drag, spray 
break-up, droplet collision, droplet coalescence, drop vaporization and spray/wall 
interaction. The Shell auto-ignition model was used to model the ignition process. The 
characteristic-time combustion model was used to model the combustion process. The 
combustion model included parameters to consider both the laminar and the turbulent 
part of the combustion process. Furthermore, the Zeldovich mechanism was used for 
predicting NOx formation, and soot model was based on the work by V. F. Surovikin 
[73], with the rate constants from Nagle and Strickland-Constable [74]. Tetra-decane was 
used as the fuel for the simulations, since it has a carbon/hydrogen ratio similar to the 
experimental fuel. As a first step towards the use of CFD analysis, the experimental data 
for the conventional combustion was used to validate KIVA results. The experimental 
fuel-injection parameter, intake-temperature, pressure and composition were used as 
input for the KIVA model. A comparison of the global quantities namely; pressure and 
heat-release rate was made for the experimental and the simulation cases. At this stage, 
some of the model constant had to be calibrated to match the experimental results. The 
same model-constants were then used for the rest of the analysis. Note; the model 
constant calibration had to be done separately for the conventional and EPC combustion. 
A comparison between the experimental and modeled cylinder pressures and heat-release 
quantities are shown in Figure 8-19 for the case of conventional combustion. For a 
conventional combustion a close match in the bulk parameters of pressure and heat-
release was observed. However, the present combustion model was insufficient to 
describe the combustion during the EPC combustion regime. Therefore, the KIVA model 




g 90 H 
3 
CO 




Engine Speed 1200rpm 
Boost Pressure 100kPa 
Iniection 
Injection Pressure 300bar 
Fueling 32mg/shot 
Commanded SOI 10 0 Deg BTDC 
- Experimental 
•Simulation Cylinder Pressure 
- Experimental Heat Release 
"Simulation Heat Release 
Experimental 
cylinder pressure 
T 0 . 4 
--0.3 
Simulation 














oi --0.1 £ 
re 
CD 
270 300 330 360 390 
Crank Angle Degree(°CA) 
420 
Figure 8-19: Comparison of experimental and simulation cylinder pressure and 
release rate characteristics. 
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Mechanism of conventional combustion: An attempt was made to understand the 
mechanism on conventional combustion by plotting the progress of the combustion on 
the (j)-T map and examining the heat-release rate (Figure 8-20~Figure 8-23). As discussed 
previously, the conventional combustion consists of three major stages; the ignition delay 
period, the premixed combustion phase and the diffusion combustion phase. <|)-T map was 
plotted independently for all the three stages. For the conventional combustion, the in-
cylinder bulk temperatures were significantly higher than the initial boiling point of the 
fuel and therefore the vaporization was readily initiated after the injection. To initiate the 
combustion process, the fuel has to be within the flammability limits and the temperature 
should be above the auto-ignition temperature. For the conventional combustion, the in-
cylinder temperatures were close to the auto-ignition temperatures, therefore as soon as 
the fuel-air mixture was mixed to the flammability limits during the ignition delay period 
the combustion was readily initiated. During the pre-mixed combustion (Figure 8-22), 
little additional mixing took place, while during the diffusion phase (Figure 8-23) was 
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Figure 8-23: Combustion process during the diffusion combustion period. 
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Enhanced-premixed combustion: For modeling the EPC, the case of a single injection 
strategy early during the compression process was chosen as the reference. The 
simulation conditions are as shown below in Table 8-4. For the EPC, the commanded 
SOI was configured at 38BTDC. At this SOI value, the bulk in-cylinder temperature was 
lower than the auto-ignition temperature (Figure 8-24). The presence of EGR also had a 
significant impact on withholding the initiation of the combustion process. Therefore, 
when the fuel-air mixture reached the flammability limits (0.6<(j)<1.2) for the combustion, 
the temperatures were lower than the auto-ignition value. Thus the combustion process 
was not initiated and the mixing process continued further in time. This additional time 
gained helped in the preparation of a weak-homogenous mixture. 
The use of KIVA helped to understand the major differences between the conventional 
combustion and the EPC. As a recap, for the conventional combustion the in-cylinder 
temperatures are close to the auto-ignition temperatures and as soon as the fuel-air 
mixture is prepared to the flammability limits the mixture auto-ignites. For the EPC 
combustion the attainment of auto-ignition temperature lags behind the mixture 
preparation. Therefore, when the mixture was close to stoichiometric conditions, the 
temperature was still lower than the auto-ignition temperature. Therefore the mixture 
dilution continues further and by the time the auto-ignition temperature is attained a lean-
homogenous or a weak-homogenous mixture is prepared before the combustion process. 
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8-24: Mixing process during the ignition delay period for the EPC combustion. 
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CHAPTER IX 
9 HEAT-RELEASE RATE CHARACTERIZATION 
In this chapter, the correlation between the heat-release characteristics and 
emission/efficiency has been extended to EPC combustion. The influence of heat-release 
characteristics on emissions for conventional diesel combustion has been investigated 
extensively in the past and the heat-release characteristics have been correlated with the 
NOx or the soot production [4, 7, 8]. Figure 9-1 shows the heat-release rate for an engine 
with a typical mechanical fuel-injection system and no emission control. An examination 
of the heat-release rate shows a significant portion of the fuel undergoing diffusion 
dominated combustion resulting in high soot. The injection timing was configured at 
17°CA before TDC to obtain the combustion phasing for best efficiency. This advanced 
combustion phasing resulted in high NOx. The heat-release rate such as the one shown in 
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Figure 9-1: Heat-Release rate characteristics for classical diesel combustion without 
emission control [75]. 
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Figure 9-2 shows the heat-release rates with two important NOx emission control 
techniques; injection timing retard and split injection marked "A" and "B". The 
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Figure 9-2: Heat-release rates configured for NOx control and post-injection for diesel 
after-treatment. 
This discussion highlights the correlation between the heat-release characteristics and 
combustion in a modern diesel engine. As mentioned earlier in this chapter, the 
correlation between the heat-release characteristics and emission/efficiency has been 
extended to EPC combustion. Based on such an analysis EPC heat-release rate 
characteristic that meets the following criteria has been produced: 
• simultaneous low-NOx and soot emission 
• limited increase in carbon-monoxide and hydrocarbon emissions 
retain conventional-diesel cycle efficiency 
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Once the criteria of heat-release rate necessary for the EPC was established, the transition 
from the conventional to EPC regimes was performed with the assistance of a simplified 
heat-release based control. 
9.1 Heat-Release Pattern for NOx 
The commonly applied techniques for NOx reduction are EGR, injection timing retard 
and pilot-injection. However, to meet the forthcoming stringent emission norms diesel 
engine manufacturers are increasingly relying on EGR as the primary in-cylinder NOx 
control technique [76-77]. The first step was to understand the efficacy of the major 
techniques; EGR and pilot-injection for NOx reduction. Injection-timing has not been 
discussed separately as the applicability of this technique has reached its limits. An EGR 
sweep was performed at a fixed combustion phasing for the case of single injection and 
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Figure 9-3: Effect of continuously increasing EGR with a fixed combustion phasing for 
single injection and 2 injection strategies. 
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At zero EGR, the use of pilot injection reduced NOx in comparison to the single injection 
strategy; however, after 40% EGR, the NOx was largely decided by EGR (Figure 
9-4~Figure 9-6). At very high EGR levels (Figure 9-6) the initiation of the pilot 
combustion was suppressed and the heat-release rate was similar to the case of single 
injection. The fixed combustion phasing was achieved by the adaptive fuel-injection 
control described previously. The corrections were applied only to shifting the main and 
the pilot-injection with the same dwell when the EGR was changed. Also, the ratio of the 
pilot to the main injection quantity was kept constant for the entire EGR sweep. The mid-
heat-release rate was kept fixed at 5 degrees after TDC. This value was decided based on 
the experimental and simulation studies which indicated that the indicated-efficiency 
peaked with CA-50 between 5-7 degrees after TDC when the heat-release duration was 
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Figure 9-6: Initiation of pilot-combustion suppressed by the use of heavy EGR. 
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The NOx-EGR behavior was also investigated at other injection pressures and loads for 
single-injection strategy and it was observed that the NOx decreases monotonically with 
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Figure 9-7: Continuous decrease in NOx with increasing EGR. 
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The experimental data shown in Figure 9-7 for the NOx-EGR curve at different loads 
converged into a single curve when plotted as a function of intake oxygen, suggesting 
that the dilution effect was strongest for the present experiment conditions (Figure 9-8). 
Thus it was observed that for achieving the stringent emission levels the NOx would have 
a stronger correlation with EGR or intake oxygen % than with the heat-release rate. The 
NOx and intake charge dilution correlation has been observed by other researchers also 
[54-56]. The CO formation during EPC was another characteristic that was largely 
dependent on the EGR/intake oxygen levels. No significant correlation was observed 
between the heat-release rate pattern and CO formed during EPC. 
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Figure 9-8: NOx as a function of intake oxygen for different load conditions. 
9.2 Heat-Release Pattern for Soot 
Two approaches have been used to achieve simultaneous low NOx and low soot in 
presence of EGR. The first approach was the multiple injection strategy with heavy EGR, 
called multi-pulse-EPC-injection-strategy (Figure 6-6). In this strategy the entire fuel was 
delivered during the compression stroke in a series of precisely controlled injection 
pulses. Figure 9-9 again revisits the multi-pulse EPC with three progressively increasing 
levels of EGR. For 45% EGR, the combustion was initiated immediately after the end of 
third injection, therefore very little time was available for preparation of the homogenous 
charge for the third injection, resulting in high soot. When higher amounts of EGR were 
applied the ignition delay for the third injection was also prolonged providing ample time 
for mixing for the third injection, thereby resulting in lower soot. Therefore, it can be 
seen that the injection with the shortest ignition delay had a significant bearing on the 
soot formation and this ignition delay was called the minimum mixing duration (Figure 
9-10). Note that the significance of the last injection would also depend on the fraction of 
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Figure 9-10: Heat-release rate for soot reduction with multiple-injection and EGR. 
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The second injection strategy employed to reduce smoke (NOx was simultaneously 
reduced due the use of heavy-EGR) was the single-shot close-to-TDC injection strategy 
with heavy EGR (Figure 9-11, Figure 9-12). Such an injection strategy was able to reduce 
soot when the application of EGR prolonged the ignition delay by 50% compared to the 
case of no EGR or provided an ignition-delay of 1.5 ms [44-45]. 
The minimum mixing duration for different injection strategies at various loads is shown 
in Figure 9-13 along with the ignition delay of the single-shot LTC combustion. It can be 
seen that a heat-release rate with an ignition delay of ~1.5ms for the case of single 
injection or a minimum-mixing duration of 1.5ms for the case of multiple injection 
strategy was able to produce low-soot (Figure 9-12). 
Engine Condition 
0 . 1 2 "I Engine Speed 1200rpm 
Boost Pressure' 100kPa 
8 0.02 
x 
Condition for low-soot heat-
release rate during EPC 
• Minimum ignition delay of 
~1 5ms or an ignition delay 
prolonging by 50% required for 
low-soot 
• Heat-release rate separated 
from injection process 
330 340 350 360 370 380 390 400 
Crank Angle Degrees (°CA) 
410 420 













• NOx-smoke trade-off 
• Slope-1 «,. 
• High-temperature >. 
combustion 
O O 
EPC Experiments Single 
Iniection (EGR Sweep for 
Constant Fueling) 
Speed = 1200 RPM 
Tcoolant = ~ 8 0 C 
"^Air-Intake = 3 1 ~ 6 1 C 
EPC/LTC 
Combustion 
• Simultaneous low 
NOx- & soot 
• Slope-2 
^ f v - e f t - O 





Figure 9-12: Relationship between ignition-delay and smoke for EPC combustion with 
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Figure 9-13: The effect of injection strategy on the smoke during EPC. 
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9.3 Heat-Release Pattern for HC 
The heat-release had a stronger relationship with HC for the case of early multiple-pulse 
injection strategies. For the case of multiple-pulse injection the HC was dependent on the 
ignition delay process, the injection strategies with longer ignition delay resulted in 
higher HC (Figure 9-14). The details for "sparse-injection strategy", "dense-injection 
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Figure 9-14: Effect of ignition delay on HC for different injection strategies. 
9.4 Heat-Release Pattern for Rate-of-Pressure-Rise 
As discussed before, the two injection strategies have been used to achieve simultaneous 
low NOx and soot, namely multi-pulse-HCCI-injection-strategy and single-shot close-to-
TDC injection strategy. For single-shot it was possible to implement combustion phasing 
control directly with injection and it was possible to obtain phasing that meets the 
emission and performance criteria simultaneously. The limitation of the single-shot EPC 
is that such a strategy can be applied only at low and mid-load conditions [39, 42, 44, 45, 
57]. At higher loads, multi-pulse-HCCI-injection-strategy needs to be applied. However, 
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for the HCCI-injection strategy the combustion was initiated before TDC, and because of 
the inherent short combustion-duration the rate-of-pressure rise was high. A typical heat-
release rate and rate-of-pressure trace observed at high-load HCCI are shown in Figure 
9-15. A high rate-of-pressure-rise is not desired because it leads to high combustion-noise. 
300 320 340 360 380 400 420 
Crank Angle Degrees(°CA) 
Figure 9-15: Typical heat-release rate and rate of pressure rise curve shown at high loads 
with multiple-pulse HCCI injection strategy. 
To overcome the high-rate-of-pressure rise associated with the multi-pulse-HCCI-
injection-strategy, a heat-release rate with split pattern has been experimentally (Figure 
9-18) and numerically investigated (Figure 9-16, Figure 9-17, and Figure 9-18). The 
numerical investigation was performed using in-house engine cycle simulation software 
[52]. For the simulation two heat-release patterns representative of HCCI type of 
combustion and split combustion were used as the input and the performance 
characteristics such as indicated mean effective pressure (IMEP), maximum pressure and 
maximum rate-of-increase of pressure were evaluated at different combustion durations 
and combustion phasing events. The results (Figure 9-16, Figure 9-17) show that the 
implementation of split combustion event may help to reduce combustion noise without 
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any significant efficiency penalty. The experimental validation at high loads has to be 
further continued. 
Multi-pulse EPC 











340 350 360 370 380 390 400 410 420 
CA50 fCA] 
Figure 9-16: Effect of CA50 and combustion duration on r\m(\ and Pmax, (dp/d0)max at 
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Figure 9-18: Implementation of split combustion heat-release rate to limit rapid pressure 
rise associated with HCCI type of injection strategy [32]. 
9.5 Heat-Release Rate, Combustion-Phasing and Fuel Injection Scheduling 
The in-cylinder pressure sensor is one of the means to provide real-time data for 
combustion phasing, which in turn has been identified as one of the major factors that 
affects the engine cycle thermal efficiency [44, 45]. The block diagram for the 
conventional diesel combustion phasing control is shown in Figure 9-19. The calculated 
combustion phasing parameter is compared with the desired combustion phasing 
characteristics and the resulting error is corrected by the proportional-integral controller. 
The controller corrects the start of injection of the fuel injection event to achieve the 
desired combustion phasing. For the medium to high load EPC, large amounts of EGR 
have been identified as one of the important enablers. When large amounts of EGR is 
applied, the ignition delay is prolonged due to inhibited mixture-reactivity, therefore to 
maintain the combustion phasing similar to the case of no EGR the fuel-injection timing 
has to be advanced. For combustion process with a very long ignition-delay the 
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Figure 9-19: Combustion phasing control when the injection and the combustion phasing are coupled. 
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Therefore, in this section, an attempt has been made to identify the regions where the 
start-of-injection correction may be applied to obtain the desired heat-release rate. This 
was considered important because once the injection-timing leaves this region the 
combustion phasing is controlled by altering mixture reactivity or altering time-
temperature history of the mixture. This was done by compiling the test results described 
earlier in the thesis and performing a few additional tests. At each of the test-points the 
relationship between the commanded start-of-injection and its relationship with the 
combustion phasing was observed. 
The first case considered was the EGR enabled EPC discussed previously. The case of 
8.0bar IMEP with a boost of lOOkPa and an injection pressure of 1200bar was selected 
for the analysis. For this case as the EGR was increased to approach the simultaneous 
low-NOx and low-soot combustion, the cylinder pressure-based injection control was 
also implemented manually to keep the combustion phasing at a fixed location. The 
injection timing correction required with increasing amounts of EGR is shown in Figure 
9-20. For these tests, an SOI correction up to 342°CA was required and the relationship 
between the SOI and the combustion was still retained. Thus the first observation was 
that up to 342°CA, even in the presence of high EGR the combustion-phasing and 
injection timing was still coupled. 
Next the start of injection timing before 340°CA was investigated for the injection timing 
versus the combustion phasing correlation. An injection timing sweep was performed 
from 260°CA to 322°CA (Figure 9-21). Multiple injection strategies were required for 
early injections to reduce the wall-impingement. In Figure 9-21 based on the timing 
sweeps, two areas have been marked as regions A and B; 
In region-A, the combustion phasing was controlled by chemical kinetics and temperature 
modulation. In this region, when the injection timing was advanced from 301°CA to 
281°CA for the 4-injection strategy, the combustion phasing was shifted towards TDC a 
couple of degrees. This is in contrast to region-B where the advancing the injection 
timing led to a advancing in the combustion phasing. Similar, behavior was observed for 
other injection strategies. 
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In Figure 9-22, an EGR sweep is included for a fixed injection timing starting at 260°CA 
and it can be seen that for these early injection timings the sensitivity of combustion 
phasing towards EGR modulation was more than the sensitivity towards injection timing. 
The data in Figure 9-22 was converted to an ignition delay basis in Figure 9-23, and it 
can be seen, for an ignition delay greater than 2milli-seconds (ms) the combustion 
phasing was affected more by chemical kinetics/temperature modulation and less by 
injection timing. 
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Figure 9-22: Understanding the injection timing and combustion phasing correlation. 
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Figure 9-23: Ignition delay correlation with commanded start of injection. 
9.6 Heat-Release Rate Pattern for Thermal Efficiency 
The empirical results and the engine cycle simulations have indicated that the combustion 
phasing dominates the maximum attainable fuel efficiency of the engine. Note that the 
phasing domination cedes to high HC and CO production when the fuel combustion 
efficiency is severely deteriorated by means such as excessive EGR [44, 45]. 
9.7 Heat-Release Rate Pattern for CO Post-Oxidation 
One of the primary reasons for reduction in efficiency of the LTC compared to the 
conventional diesel cycle was incomplete combustion. As a result of the incomplete 
combustion the fuel energy was being wasted as UHC or carbon-monoxide. UHC 
reduction for the EPC fuel-injection has been discussed earlier by optimizing the 
injection strategy. In this section injection-strategy modulation was attempted to reduce 
the CO by post-oxidation. This strategy was called HCCI-plus-late-main-injection 
strategy. For a conventional multi-pulse EPC injection strategy, all the fuel was injected 
early during the compression process and the EGR was used to withhold the combustion 
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process and obtain an appropriate combustion phasing. An alternative to this approach 
was to inject only a part of the fuel; called HCCI Injection Part very early during the 
compression process and to inject the remainder of the fuel; called late main injection 
towards the end of the heat-release of the HCCI fuel injection [57]. The logic behind 
such a strategy was that the first part of the fuel-injected as the HCCI injection would 
have a prolonged ignition delay and would undergo the simultaneous low-NOx, low-soot 
and high CO combustion. The late-main-injection event would have a very short ignition 
delay period and undergo close to conventional combustion and would destroy the CO 
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Figure 9-24: Post oxidation of CO by late-injection. 
A comparison of the engine operation at HCCI-plus-late-injection strategy (marked A), 
HCCI-only-injection (marked B) and main-only-injection (marked C) is shown in Figure 
9-25. The HCCI-plus-late-injection strategy consisted of injections at 315°CA, 325°CA, 
335°CA and 360°CA. For the HCCI-only-injection strategy, the last injection at 360°CA 
was turned-off while for main-only-injection strategy; the first three injections were 
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turned-off. The boost was kept constant at 70kPa and the EGR was kept constant at 50% 
EGR during the entire test. The NOx during the HCCI-with-late-main injection was 
almost the same as the main-injection-only injection strategy, which indicated that the 
NOx was not affected by the increase in engine load. This indicated that there may be 
additional inter-cycle EGR effect due to first stage of heat-release during the HCCI with 
late main injection strategy. However, during the HCCI with late main injection strategy, 
the CO was lower than the HCCI only injection. This suggests that the late main injection 
aids in the oxidation of the CO and thereby improve the combustion efficiency. 
Time (sec) 
Figure 9-25: Post oxidation of CO by late-injection. 
The comparison of the HCCI plus late injection with single shot LTC combustion is 
shown in Table 9-1. The HCCI plus late injection had a similar NOx as the single-shot 
LTC NOx but the smoke was significantly high. It may be noted that the LTC was 
achieved only at around 65% EGR, a simultaneously high EGR and high boost is still 
considered a challenging requirement for the modern diesel engines [22]. As mentioned 
before the comparison of the emissions (Table 9-1) shows that the CO for HCCI plus late 
main injection decreased in comparison to the LTC injection strategy. 
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A typical pressure and heat-release diagram for the HCCI plus late injection strategy is 
shown in (Figure 9-26, Figure 9-27). There were certain disadvantages associated with 
the HCCI plus late injection strategy also. For the HCCI type of injection strategy, the 
soot was 0.1 FSN; however, when the HCCI plus late injection strategy was implemented 
the soot increased to 2.4FSN. This soot was higher than the single-shot soot at this EGR 
level also. This suggested that the last injection (for the HCCI plus late injection strategy) 
which was undergoing conventional combustion had difficulty in finding oxygen 
resulting in high soot. For the given boost and injection pressure it was possible to 
achieve low NOx and low CO combustion up to a load of 7 bar. Note that a smoke level 
of FSN-2.5 was considered acceptable with diesel particulate after-treatment for this load 
level [77]. The difficulty in finding oxygen for the HCCI plus late injection strategy 
limited the EGR that may be applied (Figure 9-27). For instance when the EGR was 
increased 48% to 54% the soot increased rapidly from 1.2 FSN to 3.7 FSN. For single-
shot enhanced premixed combustion the smoke was significantly lower (Figure 9-28). 
The reduced ignition delay for the injection at 360°CA (pilot + main) also led to low 
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Figure 9-26: Empirical results with HCCI-plus-late-main injection strategy. 
Table 9-2: Advantages and disadvantages of HCCI plus late injection strategy 
Advantages 
(l)Combustion phasing of second 
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9.8 Implementation of EPC 
In view of the above discussion and the experimental results discussed in earlier chapters, 
the heat-release rate characteristics that favored EPC combustion are shown in Table 9-3. 
The NOx during the EPC combustion was primarily dependent on the dilution/EGR level. 
At high EGR levels, even if the pilot injection was implemented, the pilot combustion 
was suppressed and the overall combustion was similar to the case of single injection. 
The NOx reduction without implementation of EGR was possible at low-loads as 
discussed in Chapter 6. However, at higher loads EGR was an important enabler for NOx 
reduction. Similarly, a heat-release pattern that had a minimum ignition delay of around 
1.5ms for the case of single-shot injection strategy or a minimum mixing duration of 
1.5ms helped to reduce soot. At the same time if this ignition delay became too long, 
large amounts of HC was formed and the coupling between the injection and the 
combustion phasing was weakened. The combustion phasing, i.e. position of CA50, had a 
strong effect on the indicated efficiency that peaked at a heat-release position of 5~7°CA 
after TDC. 
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The combustion process with the desired ignition-delay and the combustion-phasing was 
obtained during the EPC combustion by the coordinated efforts of the fuel system and the 
air system. The significant effect of the air-system on the combustion-phasing during 
EPC combustion was a significant departure from the conventional combustion where the 
combustion phasing was directly controlled by the fuel-injection scheduling. The desired 
heat-release rate characteristic and the required load levels act as the input to both the air 
and the fuel-system. The outputs from the fuel-injection system were the fuel-injection 
quantity, and the fuel injection scheduling. The mass air flow-rate and EGR flow-rate are 
the outputs of the air-system (Figure 9-29). The cylinder pressure-sensor provides the 
cycle-resolved cylinder pressure data which was processed at the end of the cycle to 
evaluate the IMEP and combustion phasing. The deviation in the combustion phasing 
from the desired value was corrected by the fuel-system or the air-system depending on 
the ignition-delay. If the ignition-delay was lower than the threshold ignition-delay of 
2milli-seconds, the deviation of the combustion-phasing from the desired value was 
adjusted mainly by the injection scheduling. However, if the ignition-delay was larger 
than the threshold of 2milli-seconds, the combustion-phasing was not strongly coupled 
with the injection-scheduling and was instead more influenced by the air-fuel ratio 
history modulation by factors such as EGR. 
The torque correction or adjustments were done primarily by adjusting fuel quantity. 
However, if the air-system cannot navigate the combustion phasing to the phasing for the 
best-efficiency, the fueling system provides higher-fueling to achieve the given torque or 
the load-levels. At the present time the IMEP/Torque corrections by the Fuel-system are 
done manually in response to the IMEP calculated by the pressure-diagnostic routine. 
The fuel-system however, included closed-loop control on combustion phasing if the 
ignition delay was shorter than the critical ignition-delay of 2 milli-seconds. For the Air-
subsystem all the corrections were done manually to compensate for any change from the 
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Figure 9-29: Major subsystems and their output for the implementation of EPC with prolonged ignition-delay and the injection and the 
combustion phasing are not coupled. 
182 
Table 9-4: Modes of process-control in fuel-subsystem during EPC combustion. 
Ignition-delay less than 
critical ignition delay 
(Single-shot close-to-
TDC injection) 
Ignition delay greater 
than the critical 
ignition-delay (Multi-









Table 9-5: Modes of process-control in air-subsystem during EPC combustion. 
Ignition-delay less than 
critical ignition delay) 
(Single-shot close-to-
TDC injection) 
Ignition delay greater 
than the critical 
ignition-delay (Multi-








Table 9-3 was used as a guiding principle to formulate and decide the engine conditions 
necessary for the EPC combustion. Based on the steady-state testing (Figure 9-20, Figure 
9-22 and Figure 9-23) it was decided that an EGR of 60% and a boost of lOOkPa was 
necessary for an LTC operation of 8bar IMEP. Figure 9-30 shows that the engine was 
initially operating in conventional combustion at a boost of 50kPa. Then at time, 
t=9410seconds, a step change in boost was implemented from 50kPa to lOOkPa and this 
was immediately followed by a step change in EGR. The emissions measurements, after 
the boost and the EGR reached their desired value showed simultaneous low NOx and 
soot, which validated that the engine was operating in the EPC combustion mode. 
Similarly, Figure 9-31, shows the transition out of the EPC combustion regime, wherein 
the EGR and the boost were reduced back to their original values. These experiments 
were performed with the closed-loop control on combustion phasing. 
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EPC Experiments 
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Figure 9-30: Transition from conventional combustion to EGR enabled EPC. 
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Figure 9-31: Transition from EGR enabled EPC to conventional combustion. 
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9.9 Revisiting the basic premise 
The starting point of the research was the use of ())-T diagram to identify the local 
equivalence-ratio and the local flame temperature that can result in simultaneous low-
NOx and low-soot. The studies such as the one shown in Figure 3-1, were made without 
taking into account the effect of EGR. This is significant since the present study has 
identified EGR as an important enabler for simultaneous NOx and smoke reduction. In 
the presence of EGR, the oxygen charge concentration is significantly altered and the 
reduced oxygen concentration has a significant impact on the flame-temperature. 
Therefore in this section, the NOx part of the (|)-T diagram has been modified to account 
for the reduced oxygen concentrations in the presence of EGR. Also it was attempted to 
correlate the flame-temperature to the temperature at the start of combustion for the 
diesel combustion. Note, the discussion in the section is more suitable for the early multi-
pulse injection strategy than the single-shot EGR enabled EPC. 
The first step was to perform the Zeldovich calculation and compare it with the results 
published in the literature. The kinetics of the thermal NOx formation rate is typically 
much slower than the main hydrocarbon oxidation rate, and so most of the thermal NOx 
is formed after completion of combustion. Therefore, the thermal NOx formation process 
was treated as decoupled from the main combustion reaction mechanism and the NOx 
formation rate was calculated by assuming equilibrium values of the N2 and the [O] 
values. The NOx concentrations were calculated over a time of 2ms similar to the 
original work by the authors. Note, that the adiabatic flame temperature is estimated 
based on type of fuel, amount of oxidant, type of oxidant (air or oxygen), and the initial 
temperature. For the case of diesel combustion, as discussed previously, the boost and the 
EGR decide the composition of the oxidant. The initial temperature corresponds to the 
temperature at the start of the combustion. The initial temperature and the flame 
temperature are related by the equation shown below: 
tlreactantsV. 11-¥)~ UproductsV A adj") 
Tj= Initial Temperature, Tad= Adiabatic Flame Temperature 
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1-
NOx estimation based on Zeldovich mechanism 
(1)0 + N2 DNO + N 
(2) N + 02 • NO + 0 
(3) N + OH • NO + H 
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Figure 9-32: NOx estimations based on Zeldovich's mechanism. 
Figure 9-33: Original <j>-T diagram [11]. 
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Figure 9-32 and Figure 9-33 show a close match for the NOx predictions published in the 
literature and the computations done in this thesis. The next step then was to identify the 
flame temperature regions that actually exist in the engine. If a temperature of 1100K is 
assumed as the maximum temperature that exists before combustion, then only the region 
marked "A" of the (j)-T actually exists during engine operating conditions. The Zeldovich 
equation was then used to estimate the estimate the NOx in the presence of EGR. Also, 
instead of using the flame-temperature a more engine specific parameter; temperature at 
the start of combustion was used as the x-coordinate. The modeling computations were 
able to predict the experimental results discussed earlier, such as a minimum intake-
oxygen of 14% for low-NOx (Figure 9-35). The detailed procedure for calculation of 
NOx based on the Zeldovich mechanism is given in the Appendix. The <b-T diagram that 
includes the effect of EGR on soot formation is being currently prepared at the University 
of Windsor. 
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Figure 9-35: Modified (j)-T diagram in presence of EGR. 
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CHAPTER X 
10 CONCLUSIONS AND FUTURE WORK 
10.1 Conclusions 
Three types of EPC combustion strategy have been demonstrated. The major 
characteristics and their applicability ranges are given in Table 10-1. The details of the 
three combustion strategies are as follows: 
a) Multi-pulse EPC: For this strategy a diluted near homogenous cylinder charge was 
prepared prior to the combustion with the implementation of precisely timed multi-pulse 
fuel-injection events early during the compression stroke and a heavy use of EGR. The 
EGR suppressed the auto-ignition of fuel injected during the compression stroke and 
immensely helped to gain the time necessary for the mixture preparation. It was possible 
to reduce the NOx, soot and HC simultaneously. This type of the combustion mode was 
largely applicable to mid-load engine operating conditions. 
The significant contributions to this type of combustion mode were: 
• Hiroyasu' phenomenological model based injection strategy selection to minimize 
HC. 
• Development of principles for selection of boundary conditions based on a purely 
kinetic-based modeling. 
• Development of minimum mixing duration guidelines for soot emissions. 
b) EGR enabled EPC with single injection: This combustion mode was implemented with 
a single-injection close to top-dead center and a heavy use of EGR. A major advantage of 
this combustion mode was that the combustion phasing was closely coupled to the fuel 
injection event. The use of EGR helped to reduce the NOx for this combustion mode. 
Further, an increased application of EGR helped to lower the flame temperatures and 
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prolong the ignition delay thereby helping to attain simultaneous low-NOx and low-soot. 
This combustion mode was applied mainly at low-load engine operating conditions. 
The significant contributions to this type of combustion mode were: 
• Development and implementation of closed-loop cylinder pressure based to keep 
the combustion stabilization process during the application of high-EGR. It was 
possible to implement load, boost and RPM transients with the use of closed-loop 
on combustion phasing control. It was also possible to navigate into and out of 
this mode of combustion. 
• Guidelines were developed for the implementation of this type of combustion. It 
was found that the NOx and soot could be characterized in terms of intake oxygen 
values. An intake oxygen of 13-14% was found to be sufficiently dilute for 
achieving low NOx and an intake oxygen of 9-10% was found to be sufficient for 
achieving simultaneous low-NOx and low-soot combustion. 
• A minimum ignition delay of 1.5ms or an ignition-delay prolonging of 50% was 
found to be sufficient for producing the simultaneous low-NOx and low-soot 
combustion. 
A limitation of this combustion mode was that the onset of the simultaneous low-NOx 
and low-soot combustion was preceded by a significant increase in the un-burnt 
hydrocarbons and carbon monoxide. This resulted in a significant decrease in the cycle 
thermal efficiency especially at elevated loads. However, higher injection pressure or 
boost in combination with higher EGR was found to be capable of mitigating the 
efficiency loss. 
c) Combustion mode with a split heat-release characteristic: This combustion mode 
consisted of a part of fuel delivery very early during the compression stroke and a part of 
the fuel delivery close to the top-dead-centre. The fuel that was delivered early during the 
compression stroke had a significantly long ignition delay and the cylinder charge of 
enhanced homogeneity was prepared before the combustion. This part of the fuel 
underwent the kinetic control combustion process similar to multi-pulse EPC combustion. 
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The second part of the fuel was delivered towards the end of the combustion of the first 
heat-release. This part of fuel had a short ignition delay and had combustion 
characteristics similar to the conventional combustion. 
The significant contributions to this type of combustion mode were: 
• The split nature of the combustion limited the rate-of-pressure rise associated with 
the multi-pulse EPC combustion. The containment of rate-of-pressure rise served 
to extend the EPC application range to higher load levels. 
• The conventional combustion of the second part of the fuel injected destroyed the 
carbon-monoxide produced earlier in the cycle, thereby improving the combustion 
efficiency. Synergy existed between the first and the second part of combustion 
for other aspects as well. For instance, the CO2 produced during the combustion 
of the first part fuel served to enhance indirectly the EGR for the second part of 
combustion, thereby containing NOx without significant EGR addition. 
• In addition, it was also possible to implement combustion phasing control directly 
using injection scheduling for the second part of heat-release rate. The 
combustion of the second part helped significantly in power production since the 
power production was configurable directly by injection-timing at the phasing for 
best-efficiency. 
Major advantages and limitations for each of these combustion modes have been 
analyzed. The implementation of simultaneous low-NOx and low-soot combustion has 
been associated with fuel-efficiency penalty. The thesis has identified the major causes of 
this fuel-efficiency decrease as the un-burnt hydrocarbons, carbon-monoxide and 
combustion phasing. Specific strategies have been presented to overcome each of these 
limitations. 
The concept of EGR reforming was investigated numerically, which showed that a small 
amount of gaseous-fuel in the form of hydrogen and carbon-monoxide is generated in the 
exhaust-loop, though without any significant energy penalty. The partial use of gaseous 
fuel has a potential to enhance the in-cylinder homogeneity and reduce the soot. 
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10.2 Future Work 
In this thesis, EGR, injection scheduling and boost have been discussed as the enablers 
for the EPC combustion. These factors primarily modulate the air-fuel ratio to gain the 
time required for the formation of the homogeneous mixture. Another aspect of EPC 
combustion is to modulate the temperature history before the combustion is initiated to 
gain the time for mixture preparation. This temperature modulation is done primarily by 
the use of variable-valve timing or variable compression ratio. As a next step, the effect 
of temperature modulation on EPC needs to be examined. The EPC combustion has been 
examined primarily at 1200 and 1500RPM at loads up to 9bar IMEP. The EPC 
combustion mechanism needs to be investigated at higher RPM and higher loads also. At 
higher RPM the time available for homogenous mixture preparation is considerably 
reduced, while at higher loads the quantity of the fuel to be homogenized is significantly 
higher. Both these factors make the implementation of EPC combustion very challenging 
at high-loads and high speeds. 
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11 APPENDIX 
11.1 Fuel-Injection Strategies at Clean-Diesel Engine Laboratories 
A wide-range of injection-strategies were investigated at the Clean Diesel Engine 
Laboratory to achieve the EPC type of combustion. Based on the method of fuel-delivery 
these injection strategies can be sub-divided into intake-port injection, in-cylinder and 
EGR reforming strategies (Figure 11-1). In this thesis, the primary emphasis was on in-
cylinder injection strategies, therefore only a discussion pertaining to in-cylinder 
injection strategy has been presented here. Depending on the relationship between the 
injection-strategy and the combustion-phasing, the in-cylinder injection strategies can be 
divided into two categories: 
a) Combustion-phasing decoupled injection-strategy: This type of injection strategy was 
characterized by a very long-ignition delay, typically greater than 2milli-seconds and in 
this injection strategy; the combustion phasing was largely decoupled from injection 
timing and was dominated by the kinetics of the chemical reactions, 
b) Combustion-phasing coupled injection-strategy: This type of injection strategy was 
characterized by a shorter ignition delay and with this injection-strategy the control of the 
combustion phasing was closely coupled to the fuel injection event. 
Note that the fuel delivered in a single or multiple injection events can fall under either 
category depending on duration of the ignition-delay. For instance, if all the fuel was 
delivered in a single-injection event at 60°CA BTDC and the combustion was initiated 
close to the TDC, then this type of combustion would experience a prolonged ignition 
delay and the combustion phasing would be controlled primarily by EGR or boost . In 
such a case the single injection event strategy falls under the category of combustion-
phasing decoupled injection strategy. However, if all the fuel was delivered at 20°CA 
BTDC and a direct correlation exists between the injection-timing and the combustion-
phasing then this single-injection event strategy would be a representative of combustion-
phasing coupled injection-strategy. Similarly, the multiple-injection event strategy can 
be considered as a combustion-phasing decoupled injection-strategy or the combustion-
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phasing coupled injection strategy depending on the minimum ignition delay for the 
injections. 
The multiple-event injection delivery that falls under the combustion-phasing decoupled 
injection strategy was further classified as sparse and dense injection-strategy. In the 
sparse injection strategy the fuel was delivered in 2-3 injection events very early during 
the compression stroke and a significant dwell existed between the injection events. An 
injection event detailed in Section 6.1.3 can be considered as representative of sparse 
injection strategy. As mentioned before, this type of injection delivery was associated 
with high HC due to poor vaporization of the fuel and the cylinder wall impingement. 
The dense injection strategy evolved as a solution to overcome the problem of high HC 
associated with the sparse injection strategy. In this injection strategy the fuel was 
delivered in a series of injection events of equal duration. The timing and the duration of 
the injection events was decided based on the spray-penetration calculations proposed by 
the Hiroyasu model. The typical heat-release rate associated with the dense injection 
strategy is shown in Figure 6-12. 
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Figure 11-1: Injection strategies investigated for EPC combustion 
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11.2 Engine Instrumentation 
This section provides details of principal components that were used during the course of 
experiments. 
Dynamometer: An eddy current dynamometer (Manufacturer: Schenck Pegasus, Model 
No.WS-230-F) was for the tests. The engine was connected to the dynamometer via a 
drive-shaft and an adapter shaft. An empty transmission case was mounted to the engine 
and the adapter shaft placed inside it. One end (side A) of the adapter shaft was inside the 
transmission case and was connected to the flywheel and the other end came out of the 
transmission case (side B). The driveshaft with universal joints at both the ends was 
connected between the side B and the dynamometer. 
Working principle of dynamometer: An eddy-current dynamometer was used to measure 
the engine speed and the torque produced by the engine during its operation. An eddy 
current dynamometer consists of a rotor and a stator part. The rotor is coupled to the 
engine and it rotates at the same speed as the engine. The rotor is connected to the stator 
electromagnetically. The strength of the electromagnetic coupling between the rotor and 
the stator decides the resistance offered to the engine rotation. For all the tests the 
dynamometer was run in the constant engine speed mode. 
Encoder: The Ford engine had a baseline crank and a cam position sensor. However, the 
least-count of the crank sensor was only 6°CA which limited the resolution of the fuel-
injection strategy. Therefore, for all the experiments a rotary incremental encoder with a 
crank-angle resolution of 0.1 °CA was set-up and used. (Manufacturer: Gurley Precision 
Instruments, Model No: 9125S-03600H-5L01-C18SQ-06EN). The encoder was a solid 
shaft type of encoder; therefore, a special mating, called encoder adapter was prepared 
and mounted on the crank-shaft pulley. The encoder adapter had a circularity of less than 
0.02mm after it was installed on the crank pulley. The encoder was mounted on a bracket 
using an intermediate adjusting plate. The use of an adjusting plate was to facilitate the 
alignment between the encoder and the encoder on the engine. The encoder adapter and 
the encoder were joined together using a flexible coupling (Manufacturer: Gurley 
Precision Instruments, Model Number: SCA-06E-06E) Since an incremental encoder 
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was used, it was necessary the encoder had a reference signal in addition to the 0.1 °CA 
signal. The encoder was aligned at the time of installation so that the reference signal 
coincided with the physical TDC of the engine. 
The cylinder pressure data was recorded on the crank-angle basis; this was achieved by 
using the output of the shaft encoder as an external clock for the data-acquisition system. 
Working principle of encoder: The optical encoder operates on the principle of the photo-
electrical scanning of very fine gratings. The scanning unit of an encoder consists of a 
light source, a condenser lens for collimating the light beam, the scanning reticule with 
the index gratings, and silicon photovoltaic cells. When the scale is moved relative to the 
scanning unit, the lines of the scale coincide alternately with the lines or spaces in the 
index grating. The periodic fluctuation of light intensity is converted by photovoltaic 
cells into electrical signals. 
Cylinder pressure transducer: A piezo-electric type of glow-plug mounted, un-cooled 
pressure transducer was used for in-cylinder pressure measurement. (Manufacturer: AVL, 
Model Number: GU-13P). The membrane of the pressure transducer was flush-mounted 
to minimize any resonance effect. 
Working principle of piezo-electric pressure transducer: The in-cylinder pressure 
transducers are based on the principle of piezo-electricity. Piezoelectricity is the ability of 
some materials, such as quartz to generate an electric charge in response to applied 
mechanical force/pressure. As the cylinder in-cylinder pressure increases during the 
compression and the combustion process the piezo-electric crystals of the pressure 
transducer become electrically charged and produce charge (measure in pico-columbs) in 
direct proportion to the in-cylinder pressure. The AVL pressure transducer is based on the 
longitudinal effect which means that the crystal charges in the x-plane for the force acting 
on the x-plane. An alternative of the longitudinal effect is the transverse effect where the 
crystal charges on the x-plane for force acting on the y-plane. The output of the signal is 
transferred by means of a highly insulating, low-noise cable to the charge amplifier unit 
where it is converted to the voltage signal. 
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The engine coolant (temperature) and the engine lubricating oil (pressure and temperature) 
were maintained constant independent of engine operating conditions using special 
conditioning units. (Manufacturer: FEV, Model Number: Coolcon and Lubcon) 
Fuel-flow measurement: The fuel-flow measurements were done on a high-precision 
volumetric-flow meter (Manufacturer: Ono-Soki, Model No. 2140H). The fuel-flow 
detector had a resolution of 0.1 ml and an accuracy of+/- 0.2% of reading over the entire 
range from 0.3 to 120 liters/hr. 
Mass-air flow meter: Two mass-air flow meters were installed as part of the engine 
instrumentation. The first one was the hot-film mass air flow meter (Manufacturer: Bosch, 
Model No.EH-047820), that was used when the engine was tested in the naturally-
aspirated condition. The hot-film mass air flow meter is a type of thermal flow-meter that 
correlates the sensor thermal characteristics to the engine's mass air-flow rate. The sensor 
filament includes temperature sensor and a heating area that is exposed to the engine's air 
flow. As the air flows past the sensor, the sensor cools, decreasing its resistance, which in 
turn allows more current to flow through the circuit. As more current flows, the wire's 
temperature increases until the resistance reaches equilibrium again. The amount of 
current required to maintain the wire's temperature is directly proportional to the mass of 
air flowing past the wire. 
For engine tests where the boost was higher than lbar (absolute) an alternate method was 
used to evaluate the mass-air flow rate. In this scenario, the volumetric flow-rate was first 
measured using a positive displacement method and then combined with the density term 
to give the mass air flow-rate (Manufacturer: Dresser Inc, Model No.5M175). In this 
method, the gas volumes are measured by correlating it with the rotating characteristics 
of two impellers in a chamber of fixed volume. 
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11.3 US-FTP Emission Norms 
The Clean Air Acts Amendment (CAAA) of 1990 introduced two sets of standards for 
light-duty vehicles. 
Tier 1 standards: These sets of rules were published as a final rule in 1991 and were 
phased in progressively during 1994 to 1997. 
Tier 2 standards: These sets of rules were adopted in December 1999, and will be 
implemented from 2004 to 2009. 
The Tier 1 standards were applied to all new light-duty vehicles (LDV). A vehicle was 
classified as an LDV if the gross vehicle weight is less than 8500 lbs. Note that the gross 
vehicle weight rating (GVWR) includes the weight of the vehicle and the cargo. The 
LDV were further sub-divided into: 
a) Passenger cars 
b) Light-light duty trucks (less than 60001bs GVWR) 
c) Heavy-light duty trucks (between 6000 to 85001bs GVWR) 
For Tier 2, the applicability of Tier 1 standards was extended to cover the heavier vehicle 
categories. The emission regulation was extended to vehicles with a GVWR between 
8500-10,000 lbs and were used for personal transportation. The vehicle categories used 
for Tier 2 standard is given below: 
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Max. 8500 lb GVWR 
Max. 8500 lb GVWR, 
Max. 6000 lb curb 
weight and max 45 ft2 
frontal area 
Max. 6000 lb 
Max 3750 lb LVW 
Min 3750 lb LVW 
Min. 3750 lb 
Max 5750 lb ALVW 
Min 5750 lb ALVW 
Max 100001b GVWR 
LVW: Loaded vehicle weight = curb weight + 300 lb 
ALVW: Adjusted loaded vehicle weight = Average GVWR and curb weight 
Tier 2 Certification Bins 
The Tier 2 emissions standards are structured into 8 permanent and 3 temporary 
certification levels of different stringency, called "certification bins". In addition the 
vehicle manufacturers also have to maintain an average fleet standard for NOx. The 
average NOx emissions for the entire light-duty fleet sold by each manufacturer have to 
meet the average NOx standard of 0.07 g/mi. The temporary certification bins (bin 9,10 
and MDPV bin 11) are available only during the phase-in period and expire after the 
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2008 model year. For every vehicle manufacturer, the Tier 2 vehicles are the one's that 
meet the requirements of one of the available bins and are used to meet the requirement 
that a percentage of the fleet have an average NOx emission of 0.07 g/mile. During the 
phase-in period, the part of the fleet not satisfying the 0.07 g/mile NOx average is 
referred to as the interim non-Tier 2 vehicles. They must still meet the requirements of 
one of the available bins but have more relaxed fleet average requirements. 
The emission standards for all pollutants (certification bins) when tested on the Federal 
Test Procedure (FTP) are shown in Table A.2. Typically, "intermediate useful life" 
exhaust emission standards or "full useful life" are applicable for the test vehicles. The 
"intermediate useful life" is for five years or 50,000 miles, whichever occurs first. 
Similarly, "full useful life" period for LDVs and light LDTs is considered as 120,000 
miles or ten years whichever occurs first and for heavy LDTs and MDPVs, it is 11 years 
or 120,000 miles whichever occurs earlier. Additionally, the manufacturers may 
optionally adhere to the Tier 2 exhaust emission standards for 150,000 miles and gain 
NOx credits or opt out of intermediate life standards. In such a case, the useful life is 15 
years or 150,000 miles, whichever occurs first. For interim non-Tier 2 LDV/LLDTs, the 
useful life is 10 years or 100,000 miles, whichever occurs earlier. 
The emission regulations in Canada are decided by Environment Canada and Transport 
Canada. Based on the Canadian Environmental Protection Act 1999 (CEPA 1999), 
Environment Canada regulates emissions from engines other than those used in aircraft, 
railway locomotives and commercial marine vessels. The emissions from aircraft, railway 
locomotives and commercial marine vessels are regulated by Transport Canada. The 
general approach to setting vehicle emissions standards in Canada is to synchronize with 
the US EPA federal standards as much as possible. This process was initiated in 1988, for 
the on-road vehicle emission standards. In February 2001, the Minister of the 
Environment in the Federal Agenda on Cleaner Vehicles, Engines and Fuels set out a 
number of policy measures that would continue the harmonization of on-road emissions 
standards as well as to expand this harmonization by developing emission standards for 
off-road engines and standards for fuels that are aligned with those of the federal US EPA 
requirements 
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Table 11-2: Tier 2 emission standards, FTP 75 g/mi [18] 
Bin Intermediate Life (5 years or 50,000 miles) 
NMOG* CO NOx PM HCHO 
Useful Life 



















































































































• * for diesel fueled vehicle, NMHC (non-methane hydrocarbons)) is considered as NMOG (non-methane organic gases) 
• + average manufacturer fleet NOx standard is 0.07 g/mi for Tier 2 vehicles 
• a - Bin deleted at end of 2006 model year (2008 for HLDTs) 
• b - The higher temporary NMOG, CO and HCHO values apply only to HLDTs and MDPVs and expire after 2008 
• c - An additional temporary bin restricted to MDPVs, expires after model year 2008 
• d - Optional temporary NMOG standard of 0.195 g/mi (50,000) and 0.280 g/mi (full useful life) applies for qualifying LDT4s 
and MDPVs only 
• e - Optional temporary NMOG standard of 0.100 g/mi (50,000) and 0.130 g/mi (full useful life) applies for qualifying LDT2s 
only 
• f - 50,000 mile standard optional for diesels certified to bins 9 or 10 
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Tier 2 Emission standard phase-in 
The Tier 2 standards are being phased-in between 2004 and 2009, as shown in Table A.3. 
For the new passenger cars (LDVs) and LLDTs, Tier 2 standards phase-in begins in 2004, 
with full implementation by the 2007 model year whereas for the HLDTs and MDPVs, 
the Tier 2 standards are phased from the beginning of 2008, with the full compliance to 
be achieved by 2009. 
Up through and including model year 2008, manufacturers must calculate separate fleet 
average NOx emissions for the portion of their fleet of LDV/LLDT and HLDT/MDPV 
Tier 2 vehicles being phased-in. Both must comply with the 0.07 g/mile standard 
(equivalent to bin 5) for the required phase-in percentage for that year. 
During the phase-in period, vehicles not used to meet the Tier 2 FTP phase-in 
requirements must still comply with the full useful life and intermediate useful life FTP 
exhaust emission standards for one of the available bins listed in Table 2 (i.e., at least bin 
10 for LDV/LDTs and bin 11 for MDPVs). 
During the period 2004-2007, all passenger cars (LDVs) and LLDTs not certified to the 
primary Tier 2 standards (i.e., the 0.07 g/mile fleet average NOx) must meet an interim 
average standard of 0.30 g/mi NOx, equivalent to bin 9 and the NLEV standards for 
LDVs. 
During the period 2004-2008, HLDTs and MDPVs not certified to the final Tier 2 must 
meet an interim average standard of 0.20 g/mi NOx (equivalent to bin 8) following the 
schedule in Table 2. Those vehicles not covered by the phase-in requirements are still 
subject to the emission standards listed in Table 1 (i.e., bin 10, 0.6 g/mi NOx, for HLDTs 
and bin 11, 0.9 g/mi NOx, for MDPVs). 
Through model year 2007, a manufacturer may opt to certify diesel engines for MDPVs 
through the heavy-duty diesel engine requirements instead of the entire vehicle through 
the light-duty regulations. These vehicles cannot be used for compliance with phase-in 
requirements for interim non-Tier 2 MDPVs 
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a - Percentage of LDV/LLDTs that must meet Tier 2 requirements 
b - Percentage of HLDT/MDPVs that must meet Tier 2 requirements 
c - Percentage of non-Tier 2 HLDT/MDPVs that must meet interim non-Tier 2 fleet 
average NOx requirements 
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11.4 Evolution of Diesel Engine Oils 
A brief history about the evolution of diesel engine oil has been provided in this section 
and a quick look at the Table 11-4 shows that implementation of every major emission 
benchmark was preceded by the introduction of appropriate engine oils. For instance, 
implementation of high-rates of EGR was possible in for meeting the Year 2004 emission 
norms primarily because of the development of the engine oil that was able to sustain 
engine durability in the presence of EGR. A similar advancement in the oil properties are 
again needed to meet the future emission norms and its essential that the engine oil 
developments are in alignment with the development of newer combustion strategies 
such as the EPC. 





















PM and Sulfur reduction 
NOx reduction with injection 
timing retarding 
Sustain engine durability in 
presence of EGR 
After-treatment compatible 
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11.5 Modeling Equations 
Governing equations for KIVA 
The mass, momentum and energy equations coupled with the turbulence equations is 
solved for the fluid-phase 
Conservation of mass: 
^ + V.(pu) = ps 
dt (11.1) 
Conservation of momentum: 
^ + V{puu)=pg + F
s--\vp + V.a-A0v(lpk 
dt a 13 v j J (11.2) 
Conservation of energy: 
d{pt) 
dt 
+ V.{pul) = -V.J + QC + Qs - pV.il + (l - AQ)CNU + AQPE 
(11.3) 
Turbulent kinetic energy: 
^ ^ + V.(puk) = --pkV.il + oVw + V. -tLvk 
Pr, 
-ps + Ws (11.4) 
Turbulent kinetic energy dissipation: 
d{ps) 
dt 
+ V.(pus) = - ~CE\ Cs2 psV.u + V. JL 
Pr. 
Vs + ^(ceXaVu-cE2pe + csW
s) (11.5) 
Heat flux: 
J = -KSn-pDYji^ 
<P," 
m V P J 
(11.6) 
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Equations of state: 




m V P J 
(11.8) 
rP^ cp(T)=Z ^ cpm(T) 
m V P J 
(11.9) 
K(T) = Im(T) + j£ (11.10) 
Conservation of mass is also written for each of the N individual species considered in 
the reaction as follows: 
dpm 
dt 
+ V.(pmu) = V. pDV (P ) 
[p J 
+ Pm+ PSA m ml 
Mass consistency check: 
tl P 
The description of the unknown is shown below: 
total mass density 
WpŴ Wj fluid velocity 
k 
specific internal energy 
turbulent kinetic energy 
turbulent kinetic energy dissipation 
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J = heat flux vector 
p = fluid pressure 
T = temperature 
pm = density of chemical species from 1.. .N 
The description of the parameters and the constants appearing in the equation is given 
below: 
a = dimensionless quantity with pressure gradient scaling method 
JU = first viscosity coefficient 
X = second viscosity coefficient 
a = viscous stress tensor 
d = knocker's delta function 
hm = enthalpy of chemical species, m 
cp = specific heat at constant pressure for the fluid phase 
c = specific heat at constant pressure for species, m 
g = acceleration due to gravity 
A0 = 0 for laminar model, 1 for turbulence model 
A3 = - 2 / 3 for turbulent flows 
D = diffusion coefficient for Fick's law 
/ = unit tensor 
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Im = specific internal energy of species, m 
K = ratio of diffusion to transport coefficient 
Pr = Prandtl number 
RQ = Universal gas constant 
Sc = Schimdt number 
Wm = molecular weight of species, m 














Call Input Data 
Set initial Conditions 
Initialize cycle 
calculation variable 
Begin cycle calculation 
Call cylinder volume 
Call heat-transfer 
Call heat-release 
Call internal energy 
Calculate work 
First-law of thermodynamics 
New composition, p and T 
Figure 11-2: Basic flow-chart for implementation of zero-dimensional engine cycle 
simulations. 
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11.6 NOx Estimation Using Zeldovich mechanism 
The two main reactions of the Zeldovich mechanism are: 
N2 + O^NO + N 
N + 0 2 ^ N O + O 
klf =1.8xl0
11exp[-38370/7,(.K)], m3/kmol-s 
klr = 3.8 x 10
10 exp[- 425/T(K)], nf/kmol - s 
k2f = 1.8 x 10
7 exp[- 4680/T(K)], m'/kmol - s 
k2r = 3.8xl0
6exp[-20820/7/(i:)], m3/kmol-s 
Since the second reaction is much faster than the first, the steady-state approximations 
can be used to estimate the N-atom concentration. During the conventional combustion, 
the NO formation reaction is typically much slower than other reactions involving 02 
and O. Thus, 02 and O are assumed to be in equilibrium given by: 
0 2 ^ 2 0 
Therefore, for the global mechanism: 
N2 + 0 2 -+2N0 
After ignoring the reverse reaction, it can be written as 
^ = k,f[NM-kvMo2] 
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with the steady-state approximation of d[N]/dt = 0 
r i Kf[M2\o\ 




dXm = RUT d[NO] 
dt P dt 
)d[NO}= \2klf[N2\0\ 
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11.7 Carbon Monoxide Formation 
The effect of important factors namely; pressure, temperature and oxygen concentration 
were computed using Aurora part CHEMKIN as shown below. 
11.7.1 Effect of temperature 
15.0% 
Solution obtained with the temperature and pressure 
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Solution obtained with the temperature and volume 
held constant at the initial values, (P=60bar, At=2ms) 
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Figure 11-4: Effect of temperature on CO oxidation (constant temperature and volume 
assumption). 
11.7.2 Effect of oxygen concentration 
2 5 % T Conversion of CO to C O , 
CO+ oc02+ P C 0 < - C 0 2 
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effect 
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Figure 11-5: Effect of oxygen concentration on CO conversion. 
2250 
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11.7.3 Effect of pressure 
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Figure 11-6: Effect of oxygen pressure on CO conversion. 
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11.8 Various Methods of Expressing EGR 
Various methods of expressing EGR were found in the literature. Some of the commons expressions are listed in the following table; 
Table 11-5: Some of commonly used methods to evaluate EGR in the literature 
EGR Expression 
(co2\ 
%EGR = « V n t ^ 
C02,exhaust 
V -V 




0/ £Q D V-- ̂ 2 In ~ V^ "2 Jamb 
(co2)exh-(co2)amb 
Explanation of Term 
d= charge dilution fraction 
(C02)(= volume % of C02 at the intake 
(C02 )e =volume % of CO2 at the exhaust 
V0 = Flow rate of inlet fresh air without EGR 
Vmr - Flow rate of inlet fresh air with EGR 
0 = Mass flow rate of fresh air without EGR 
m = Mass flow rate of fresh air with EGR 
Operating Conditions 
SI engine 
Single cylinder, Dl 
Cooled EGR, 0-20% EGR 
Dl diesel engine 
Cooled and un-cooled EGR, 
0-70% EGR investigated 
Dl diesel engine 
Cooled EGR, 0-40% EGR 









11.9 Glossary of Terms 
Brake mean effective pressure: The work accomplished during one engine cycle divided 
by the engine swept volume. The term "brake" denotes the actual torque/power available 
at the engine flywheel as measured on a dynamometer. 
Brake specific fuel consumption: BSFC is measure of engine efficiency and is calculated 
as the ratio of the engine fuel consumption to the engine power output (as measured at the 
flywheel). BSFC has units of grams of fuel per kilowatt-hour (g/kWh) or pounds mass of 
fuel per brake horsepower-hour (lb/bhp-hr). 
Cetane number: Cetane number is a measure of easiness of ignition quality for the diesel 
fuel. The higher the cetane number, the easier the fuel ignites after ignition. Cetane 
number is determined by an engine test using two reference fuel blends of known cetane 
numbers. The reference fuels are prepared by blending normal cetane (n-hexadecane), 
having a value of 100, with heptamethyl nonane, having a value of 15. 
Common-rail injection: A diesel fuel injection system that employs a common pressure 
accumulator is called a common-rail injection system. In the common rail injection 
system the injection pressure is independent from engine speed and load. Therefore, the 
injection parameters can be freely controlled. Usually common-rail engines have the 
ability to perform multi-pulse injection. 
Compression Ignition: The form of ignition, where the rapid compression of air within 
the cylinders generates the heat required to ignite the fuel as it is injected. 
Direct injection: Diesel engines in which the fuel is injected directly into the combustion 
chamber. 
Homogeneous mixture: A cylinder charge of uniform composition. 
Ignition delay: The time duration between the start of injection and the start of 
combustion. 
227 
In-direct injection: Diesel engines in which the combustion chamber is divided into a pre-
chamber and main chamber. The combustion starts in the pre-chamber and propagates to 
the cylinder. 
Stoichiometric: The quantity of oxidizer that is just the right amount needed to 
completely burn the fuel. If more than the stoichiometric quantity of the oxidizer is 
supplied, the mixture is said to be fuel lean, while supplying less than stoichiometric 
amount of oxidizer results is a rich mixture. 
Weaken mixture: Cylinder charge that contains less than 21% oxygen at the intake due to 
the application of EGR. 
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